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ABSTRACT
The t h e s i s  o u t l i n e s  t h e  m a jo r  p ro b le m s  i n  t h e  d e s i g n  o f  h i g h  
l e v e l  p rog ram m ing  l a n g u a g e s *  The c o m p l e x i t y  o f  t h e s e  l a n g u a g e s  h a s  c a u s e d  
t h e  u s e r  p ro b le m s  i n  i n t e l l e c t u a l  m a n a g e a b i l i t y .  P a r t  o f  t h i s  c o m p l e x i t y  i s  
c a u s e d  by l a c k  o f  g e n e r a l i t y  w h ic h  a l s o  c a u s e s  l o s s  o f  p o w e r .  The maxim o f  
pow er t h r o u g h  s i m p l i c i t y ,  s i m p l i c i t y  t h r o u g h  g e n e r a l i t y  i s  e s t a b l i s h e d .  To 
a c h i e v e  t h i s  s i m p l i c i t y  a  num ber o f  g ro u n d  r u l e s ,  t h e  p r i n c i p l e  o f  
a b s t r a c t i o n ,  t h e  p r i n c i p l e  o f  c o r r e s p o n d e n c e  an d  t h e  p r i n c i p l e  o f  d a t a  t y p e  
c o m p le te n e s s  a r e  d i s c u s s e d  and  u s e d  t o  fo rm  a  m e th o d o lo g y  f o r  p rogram m ing  
l a n g u a g e  d e s i g n .  The m e th o d o lo g y  i s  t h e n  p u t  i n t o  p r a c t i c e  and  t h e  l a n g u a g e  
S - a l g o l  i s  d e s i g n e d  as  t h e  f i r s t  member o f  a  f a m i l y  o f  l a n g u a g e s .
The s e c o n d  p a r t  o f  t h e  t h e s i s  d e s c r i b e s  t h e  i m p l e m e n ta t i o n  o f  t h e  
S - a l g o l  l a n g u a g e .  I n  p a r t i c u l a r  a  s im p l e  an d  e f f e c t i v e  m ethod  o f  c o m p i le r  
c o n s t r u c t i o n  b a s e d  on t h e  t e c h n i q u e  o f  r e c u r s i v e  d e s c e n t  i s  d e v e lo p e d .  The 
m etho d  u s e s  a  h i e r a r c h y  o f  a b s t r a c t i o n s  w h ic h  a r e  im p le m e n te d  as  l a y e r s  t o  
d e f i n e  t h e  c o m p i l e r .  The s i m p l i c i t y  and  s u c c e s s  o f  t h e  t e c h n i q u e  d ep en d s  on 
t h e  s t r u c t u r i n g  o f  t h e  l a y e r s  and  t h e  c h o i c e  o f  a b s t r a c t i o n s .  The c o m p i le r  
i s  i t s e l f  w r i t t e n  i n  S - a l g o l .
An a b s t r a c t  m ac h in e  t o  s u p p o r t  t h e  S - a l g o l  l a n g u a g e  i s  t h e n  
p r o p o s e d  and  im p le m e n te d .  T h is  m a c h in e ,  t h e  S -c o d e  m a c h in e ,  h a s  two s t a c k s  
and  a  heap  w i t h  a  g a r b a g e  c o l l e c t o r  and  a  u n iq u e  m ethod o f  p r o c e d u r e  e n t r y  
and  e x i t .  A d e t a i l e d  d e s c r i p t i o n  o f  t h e  S -c o d e  m ach ine  f o r  t h e  PD Pll 
c o m p u te r  i s  g i v e n  i n  t h e  A p p e n d ic e s .
The t h e s i s  t h e n  d e s c r i b e s  t h e  m easu rem en t  t o o l s  u s e d  t o  a i d  t h e  
im p le m e n to r  and  t h e  u s e r .  The r e s u l t s  o f  im p ro v em en ts  i n  e f f i c i e n c y  when 
t h e s e  t o o l s  a r e  u s e d  on t h e  c o m p i le r  i t s e l f  a r e  d i s c u s s e d .
F i n a l l y ,  t h e  r e s e a r c h  i s  e v a l u a t e d  and  a d i s c u s s i o n  o f  how i t  may 
b e  e x te n d e d  i s  g i v e n .
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Jl* I n tr o d u c t io n
An im p o r ta n t  a r e a  o f  i n t e r e s t  t o  which C o m p u ta t io n a l  S c ien c e  must 
a d d r e s s  i t s e l f  i s  t h a t  o f  programming l a n g u a g e s .  The s i t u a t i o n  i s  an a lo g o u s  
to  t h a t  i n  m ath em a tic s  where n o t a t i o n s  a r e  c o n s t a n t l y  b e in g  in v e n te d  and 
im proved . There h a s  n e v e r  been  one m a th e m a t ic a l  n o t a t i o n  o r  com puter 
lan g u ag e  w hich s u i t s  a l l  t a s t e s  and n e e d s ,  and i t  i s  u n r e a s o n a b le  t o  e x p e c t  
t h a t  t h e r e  e v e r  w i l l  b e .  That does n o t  mean t h a t  deve lopm ent o f  f u r t h e r
la n g u a g e s  i s  u s e l e s s .  In d e e d  b e t t e r  lan g u a g e s  must be d e v e lo p e d
c o n t in u o u s ly  i n  o r d e r  t o  a c h ie v e  g r e a t e r  c l a r i t y  and l e v e l s  o f  a b s t r a c t i o n .  
H o p e fu l ly  t h i s  can be  done i n  a  d i s c i p l i n e d  m anner.
L and in  [1] has p o i n t e d  o u t  t h a t  most lan g u a g e s  h a v e  a l o t  i n  
common and a p a r t  from  s y n ta x  o n ly  a l i t t l e  i n  d i f f e r e n c e .  He s u g g e s t s  t h a t  
one  way i n  which o r d e r l y  deve lopm ent o f  programming la n g u a g e s  can t a k e  
p l a c e  i s  by h a v in g  a f a m i ly  o f  l a n g u a g e s .  This  f a m i ly  o f  l a n g u a g e s ,  i n  h i s  
c a s e  ISWIM ( i^f you ^ e e  what I^  mean ) , would have a common b a s i c  s t r u c t u r e  
which could  b e  a l t e r e d  t o  s u i t  t h e  a p p l i c a t i o n  a r e a .  F o r  exam ple ,  most of 
t h e  c u r r e n t  programming la n g u a g e s  have  s i m i l a r  c o n t r o l  s t r u c t u r e s .  The 
d i f f e r e n c e  between t h e  lan g u a g e s  i s  i n  t h e  d a ta  s t r u c t u r e s  t h a t  t h e y  a l l o w .  
T h e r e f o r e ,  a  v e r y  s im p le  minded example o f  a f a m i ly  o f  l a n g u a g e s  cou ld  b e  a 
f i x e d  number o f  c o n t r o l  s t r u c t u r e s  w i th  d i f f e r e n t  d a ta  s t r u c t u r e s  d epend ing  
on t h e  a p p l i c a t i o n .  In d ee d  L andin  goes on t o  s a y  t h a t  A lg o l  60 would have
av o id e d  some n e e d le s s  c r i t i c i s m  had  i t  been d e f in e d  as  a  f a m i ly  o f
la n g u a g e s  r a t h e r  th a n  one a l l  encom pass ing  la n g u a g e .  I t  i s  w i th  d e f i n i n g  
and im plem enting  a f a m i ly  b a s e  la n g u a g e  t h a t  t h i s  work i s  c o n c e rn e d .
The n o ta t io n s  t h a t  a r e  u sed  in  th e  c u r r e n t  g e n e ra l  p u rp o se  
program m ing lan g u a g e s  a re  a  b a la n c e  betw een d e s c r i p t i v e  power and w hat th e  
m ach ines can e f f e c t i v e l y  s u p p o r t .  The d e s c r i p t i v e  power i s  borrow ed from  
m ath em a tic s  in  g e n e r a l .  However, m a th e m a tic a l  n o ta t io n s  te n d  to  s u f f e r  from
t h e  f a c t  t h a t  th e y  a re  e x p e n s iv e  t o  im plem ent on Von Neumann a r c h i t e c t u r e s .  
On th e  o th e r  han d , u s in g  a p r e s e n t  day program m ing la n g u a g e  in v o lv e s  
ig n o r in g  most o f th e  m a th e m a tic a l  n o t io n s  o f c o r r e c tn e s s .  T h e re fo re  th e  
s u c c e s s  o f a  g e n e ra l  p u rp o se  lan g u a g e  in v o lv e s  th e  q u e s tio n  o f  how c h e a p ly  
i n  m achine term s can  t h i s  d e s c r i p t i v e  power be  b o u g h t. T h is  i s  a lw ays a t  
th e  back  o f th e  d e s ig n e r s  m ind , and how much em phasis i s  p la c e d  on each  
a s p e c t  d e te rm in e s  th e  f la v o u r  o f  th e  la n g u a g e .
The lan g u a g e s  t h a t  w i l l  b e  c o n s id e r e d  h e re  can g e n e r a l l y  be 
d e s c r i b e d  as t h e  a l g o l s .  That i s  t o  s a y ,  low l e v e l  l a n g u a g e s  su c h  as  
a s s e m b le r s  and m achine o r i e n t a t e d  la n g u a g e s  su c h  as PL360 [3] w i l l  n o t  be 
d i s c u s s e d .  F u r th e rm o re ,  t h e  a p p l i c a t i v e  lan g u ag es  su c h  as  t h e  p ro p o se d  
ISWIM f a m i ly ,  LISP [4] and t h e  more modern s u g a r in g s  o f  t h e  lambda c a lc u lu s  
l i k e  SASL [5] a r e  a l s o  n o t  c o n s id e r e d .  The d i s c u s s io n  i s  r e s t r i c t e d  t o  th e  
a l g o l s  which can be ro u g h ly  c l a s s i f i e d  by  th e  fo l lo w in g  r u l e s .
a.. Scope r u l e s  and b lo c k  s t r u c t u r e
Names may b e  in t r o d u c e d  to  d e f in e  l o c a l  q u a n t i t i e s .
The names a re  u n d e f in e d  o u t s id e  th e  l o c a l  e n v iro n m e n t.
However, d i f f e r e n t  en v iro n m en ts  may u s e  th e  same name 
unam biguously  t o  r e p r e s e n t  d i f f e r e n t  o b j e c t s .
_b. A b s t r a c t io n  f a c i l i t y
The a lg o l s  a l l  have  a p o w e rfu l a b s t r a c t io n  m echanism  
to  a llo w  th e  u s e r  t o  s h o r te n  and  c l a r i f y  p ro g ra m s.
T his i s  u s u a l ly  i n  th e  form  o f a p ro ce d u re  w ith  
p a ra m e te r s .
Com pile tim e  ty p e  c h e c k in g
The ty p e s  o f a l l  th e  e x p re s s io n s  in  th e  lan g u a g e  can 
be checked  by  a s t a t i c  a n a ly s i s  o f th e  p rog ram .
â .*  I n f i n i t e  s to r e
The program m er i s  r e l i e v e d  o f  th e  bu rden  o f  s to r a g e  
a l l o c a t i o n  and i s  p r e s e n te d  w ith  a c o n c e p tu a l ly  
i n f i n i t e  s t o r e .
S e le c t iv e  s to r e  u p d a tin g
In  c o n ju n c t io n  w ith  (d ) ab o v e , th e  u s e r  i s  a llo w e d  to  
s e l e c t i v e l y  a l t e r  th e  s t o r e .  T his i s  u s u a l l y  
im plem ented  as an e f f i c i e n c y  c o n s id e r a t io n  on p r e s e n t  
day m ach ines and g e n e r a l ly  ta k e s  th e  form  o f an 
a ss ig n m en t s ta t e m e n t .  I t  sh o u ld  b e  p o in te d  o u t  t h a t  i t  
i s  t h i s  r u l e  t h a t  g iv e s  r i s e  t o  th e  c o n c e p t o f th e  
s t o r e .  R u le  (d) may be  im plem ented  as an i n f i n i t e  
c a p a c i ty  to  c r e a t e  new o b je c t s  a s  i s  th e  c a se  w ith  th e  
a p p l i c a t i v e  la n g u a g e s .
With any rough  c l a s s i f i c a t i o n ,  some la n g u a g e s  c u t  a c r o s s  t h e  
r u l e s .  How w e l l  a  la n g u a g e  f i t s  t h e  r u l e s  d e te rm in e s  how much of an a l g o l  
i t  i s .  Languages t h a t  cou ld  b e  c o n s id e r e d  as a l g o l s  a r e  A lg o l  60 [ 6 ] ,  A lg o l  
W [ 7 ] ,  A lgo l R [ 9 ,3 8 ] ,  and p e rh a p s  P a s c a l  [1 0 ] ,  A lgo l 68 [11] and PL/1
[ 12] .
Where have th e y  gone wrong? Have th ey ?  Many c r i t i c i s m s  o f th e s e  
la n g u a g e s  have  a p p e a re d , p a r t i c u l a r l y  fo r  th e  more p o p u la r  ones su ch  a s  
P a s c a l ,  A lgo l 68 and P L / l .  They ta k e  th e  form  o f c r i t i c i s i n g  p a r t i c u l a r  
a s p e c t s  o f th e  la n g u a g e s  [1 4 ,1 5 ,1 6 ]  o r  th e  o v e r a l l  d e s ig n .  D i j k s t r a  [13] 
h a s  t h i s  t o  sa y  o f P L /l
"U sing  P L / l  must be l i k e  f l y i n g  a  p lan e  w i th  7 ,000  
b u t t o n s ,  s w i tc h e s  and h a n d le s  t o  m a n ip u la te  i n  th e  
c o c k p i t .  I  a b s o l u t e l y  f a i l  t o  see  how we can keep ou r  
growing program s f i r m l y  w i t h in  o u r  i n t e l l e c t u a l  g r i p  
when by i t s  s h e e r  b a ro q u e n e ss  t h e  programming la n g u a g e  
-  ou r  b a s i c  t o o l  mind you! -  a l r e a d y  e s c a p e s  our  
i n t e l l e c t u a l  c o n t r o l . "
I t  i s  n o t  p a r t  o f  t h i s  work to  p e rfo rm  a c h a r a c t e r  a s s a s s i n a t i o n  
on each  o f  th e  a l g o l  programming la n g u a g e s  b u t  m e re ly  t o  r e p o r t  t h a t  
som eth ing  i s  wrong w i th  them . A c lu e  t o  t h i s  m a la i s e  i s  a g a in  g iv en  by 
D i j k s t r a  [13]
"A nother  l e s s o n  we sh o u ld  have  l e a r n e d  from  th e  r e c e n t  
p a s t  i s  t h a t  deve lopm ent of " r i c h e r "  or "more 
p o w e r fu l"  programming la n g u a g e s  was a m is ta k e  i n  t h e  
s e n s e  t h a t  t h e s e  b a ro q u e  m o n s t r o s i t i e s ,  t h e s e  
c o n g lo m e ra t io n s  o f  i d i o s y n c r a s i e s , a r e  r e a l l y  
unm anageable  b o th  m e c h a n ic a l ly  and m e n t a l l y . "
The t r e n d  c o n t i n u e s .  The r e c e n t l y  p u b l i s h e d  American D epartm ent 
o f  D efence  lan g u a g e  ADA [30] has t r i e d  t o  s o lv e  e v e r y  programming p rob lem  
known to  m ankind. I t  i s  t h e  P L /l  of ou r  a g e .
The developm ent of  t h e s e  lan g u a g e s  i s  in  i t s e l f  a commentary on 
our a t t i t u d e  t o  r e s e a r c h  and d e v e lo p m en t .  One method o f  r e s e a r c h  i s  t o  
e x te n d  t h e  e x i s t i n g  w orld  o f  p o s s i b i l i t i e s .  I n  t h i s ,  new la n g u a g e s  w i th  
new o r  u n u su a l  i d e a s  a r e  d e v e lo p e d  and t e s t e d .  I n  o r d e r  t h a t  some new 
c o n c e p t  may be t r i e d  and f u l l y  u n d e rs to o d  i t  may be n e c e s s a r y ,  and i s  o f t e n  
u s e f u l ,  to  be  a b l e  t o  u s e  i t  e x p e r i m e n t a l l y .
A nother a p p ro a c h  i s  t o  r e -e x a m in e  t h e  e x i s t i n g  w orld  t o  o b t a i n  a
i
b e t t e r  u n d e rs ta n d in g  o f i t .  T h is  ty p e  o f  r e s e a rc h  i s  a l s o  n e c e s s a ry  s in c e  
developm ent o f new id e a s  w ith o u t  a  f i r m  u n d e rs ta n d in g  o f th e  e x i s t i n g  w orld  
i s  l ik e  b u i ld in g  on sand  and w i l l  s u f f e r  th e  same f a t e  a s  th e  b u i ld in g  i f  
th e  sand s h i f t s .
T h is  work i s  c o n cern ed  w ith  a  r e -e x a m in a t io n  o f  th e  e x i s t i n g
w o rld  to  o b ta in  t h a t  g r e a t e r  u n d e rs ta n d in g  and h o p e fu l ly  a  s t r o n g e r  b a s i s  
on w hich to  dev e lo p  a new la n g u a g e  o r fa m ily  o f la n g u a g e s . I t  i s  n o t th e  
aim  of th e  work to  p ro d u ce  a m echanism  f o r  e x te n d in g  la n g u a g e  b u t r a t h e r  
w i th  p ro d u c in g  a b a se  lan g u a g e  and a m ethodology f o r  f u r t h e r  d ev e lo p m en t.
A lgo l  60 was t h e  f i r s t  o f  t h e  a l g o l  l i k e  l a n g u a g e s .  The p r o j e c t
was a trem endous s u c c e s s  and has  l e d  t o  t h e  p r o l i f e r a t i o n  o f  many
d e r i v a t i v e s  and e x t e n s i o n s .  However i t  would b e  u n r e a s o n a b le  t o  e x p e c t  t h e  
d e s ig n e r s  o f  t h e  v e r y  f i r s t  a l g o l  t o  be  c o r r e c t  i n  e v e ry  d e t a i l .  D i j k s t r a  
h i n t s  a t  t h e  problem
"With a d e v ic e  a s  p o w e r fu l  as  BNF, t h e  r e p o r t  on th e  
A lg o r i th m ic  la n g u a g e  A lgo l  60 shou ld  have  been  much 
s h o r t e r . "
He means t h a t  A lg o l  60 i s  in  some way too b i g .  T h i s ,  o f  c o u r s e ,
i s  w i th  t h e  b e n e f i t  of h i n d s i g h t  b u t  i t  i s  w i th  t h a t  knowledge t h a t  new
la n g u a g e s  a r e  d e v e lo p e d .  S ince  t h e n ,  v e r y  few lan g u a g e s  h a v e  come anywhere 
n e a r  t h e  b r e v i t y  o f  d e f i n i t i o n  o f  A lg o l  60. Indeed  th e  lan g u a g e  d e f i n i t i o n s  
of A lg o l  68 , ADA and PL /I  a r e  so  p e r v e r s e  and lo n g  winded  t h a t  t h e y  t a x  one 
p e r s o n ' s  u n d e r s t a n d in g  to o  f a r .  The phenomenon of  th e  "one l i n e r "  o r  t h e  
" a l g o l  law yer"  i s  a d i r e c t  consequence  o f  t h i s .
A nother m a n i f e s ta t io n  o f  lo n g  w inded la n g u a g e s  i s  t h a t  o f
" d i a l e c t s " .  Each im plem en to r p ru n e s  th e  lan g u ag e  to  h i s  own t a s t e  and
r e s t r i c t s  th e  p o s s i b i l i t y  o f  m achine in d e p e n d e n c e . From tim e  to  tim e  th e
r i d i c u l o u s  s i t u a t i o n  a r i s e s  t h a t  a  s t a n d a r d  f o r  th e  lan g u a g e  i s  i n t r o d u c e d  
a s  has  r e c e n t l y  happened  w i th  P a s c a l  [1 9 ] .  This  l e a d s  t o  t h e  obv ious  
q u e s t i o n  o f  what happened  t o  t h e  o r i g i n a l  language?
The method o f  a t t a c k  t h a t  w i l l  b e  ta k e n  in  t h i s  r e s e a r c h  w i l l  be  
t h a t  of s i m p l i c i t y .  I f  a  c o n c e p t  i s  n o t  a l r e a d y  s im p le  th e n  i t  s h o u ld  be  
r e - e v a l u a t e d .  A lgo l 60 i s  i n  some r e s p e c t s  a l r e a d y  too  complex f o r  o u r  
p u rp o s e s  and w i l l  have  t o  be  re -e x a m in e d .  This w i l l  t a k e  some co u ra g e  as  
i t  may mean d i s p o s in g  o f  t h e  s e r v i c e s  o f  some f a v o r i t e  f e a t u r e  s in c e  i t  
does  n o t  m easure up t o  t h e  y a r d s t i c k  o f  s i m p l i c i t y .  On o c c a s io n  some v e r y  
u s e f u l  co n c ep t  may f i t  t h e  g e n e r a l  r u l e s  b u t  f a i l  th e  t e s t  of s i m p l i c i t y .  
I n  o r d e r  t o  p r o g r e s s  i t  may be  n e c e s s a r y  t o  l e a v e  i t  as  a complex e n t i t y  
( t h a t  co n c ep t  may s im p ly  be  complex ) .  At l e a s t  i t  w i l l  have  been a n a ly s e d  
th o ro u g h ly  by th e  new m ethodology  o f  lan g u ag e  d e s ig n  and p resu m ab ly  a 
b e t t e r  u n d e r s t a n d in g  o f  t h e  c o n c ep t  w i l l  have been a c h ie v e d .
How sh o u ld  t h i s  la n g u a g e  be  d e s ig n e d ?  W irth  [2] has p o i n t e d  o u t  
t h a t  a  lan g u a g e  d e s ig n e r  i s  f a c e d  w i th  a  b e w i ld e r in g  v a r i e t y  o f  demands. He 
l i s t s  some of  them as
The lan g u a g e  sh o u ld  b e  e a s y  t o  l e a r n
I t  must be s a f e  from  m i s i n t e r p r e t a t i o n  and m isuse
I t  must be e x t e n s i b l e  w i th o u t  change t o  e x i s t i n g  f a c i l i t i e s
The n o t a t i o n  must be c o n v e n ie n t  w i th  w id e ly  u se d  s t a n d a r d s
The d e f i n i t i o n  must be  m achine in d ep e n d e n t
The lan g u a g e  must make e f f i c i e n t  u se  o f  t h e  computer
The co m p ile r  must be f a s t  and compact
The d e f i n i t i o n  must be s e l f  c o n ta in e d  and com ple te
The t im e  and c o s t  o f  deve lopm ent must be m in im al
There a r e  o t h e r s  n o t  m en t io n e d  h e r e .  The l i s t  can be  e x te n d e d  and 
u s u a l l y  i s  by th e  im p lem en to r  t o  i n c lu d e  h i s  p a r t i c u l a r  p r e f e r e n c e s .  The
em phasis  t h a t  i s  p l a c e d  on e a c h  a s p e c t  of  t h e  d e s ig n  u s u a l l y  d e te rm in e s  t h e  
language  t h a t  i s  a r r i v e d  a t .  I t  can be c l e a r l y  seen  t h a t  a l th o u g h  t h e  above 
aims a re  d e s i r a b l e  t h e y  do n o t  p r o v id e  a m ethodology f o r  programming 
lan g u a g e  d e s ig n  s in c e  t h e y  a r e  i n  W i r t h ' s  own words a b e w i ld e r in g  v a r i e t y .
I n  t h i s  work t h e r e  w i l l  b e  o n ly  one d e s ig n  aim  f o r  t h e  la n g u a g e .  
T h is  aim i s  an economy o f  c o n c e p t  where t h e  lan g u ag e  w i l l  have  a s m a l l  
number of g e n e r a l  r u l e s  w i th  no f e a t u r e s  or s p e c i a l  c a s e s .  Occam's Razor 
w i l l  be  a p p l i e d  w h erever  p o s s i b l e  t o  p r e s e r v e  t h e  lan g u a g e  s i m p l i c i t y .
From t h e  above i t  can be  seen  t h a t  W irth  l a y s  t h e  em phasis  i n  
lan g u ag e  d e s ig n  on th e  im p le m e n ta t io n .  I n  f a c t  he goes a s  f a r  as  t o  a rg u e  
t h a t  " la n g u a g e  d e s ig n  i s  co m p ile r  c o n s t r u c t i o n " .  W hile  i t  i s  t r u e  t h a t  t h e  
p o p u l a r i t y  o f  some f a i r l y  a p p a l l i n g  la n g u a g e s  su ch  as  BASIC [17] and APL 
[18] has been due t o  t h e i r  good s u p p o r t  s y s te m s ,  t h i s  v iew  seems a l i t t l e  
e x tre m e .  The p rob lem  i s  t h a t  i t  c o n fu s e s  t h e  d e s ig n  aims o f  t h e  lan g u a g e  
w i t h  t h e  d e s ig n  aims o f  t h e  im p le m e n ta t io n .
Having s a i d  t h a t ,  i t  s h o u ld  b e  p o in te d  o u t  t h a t  t h e  
im p le m e n ta t io n  i s  s t i l l  v e r y  i m p o r t a n t .  The most s u c c e s s f u l  o f  t h e  modern 
lan g u a g e s  a r e  t h o s e  t h a t  r e f l e c t  b e s t  what our p r e s e n t  day  m achines  can 
s u p p o r t  e f f i c i e n t l y .  A lrea d y  c o n c e s s io n s  have  been made t o  e f f i c i e n c y ,  by  
t h e  i n c l u s i o n  o f  t h e  a s s ig n m e n t  s t a t e m e n t  i n  t h e  lan g u a g e s  under  
c o n s i d e r a t i o n ,  and i t  w i l l  b e  t h e  r e a s o n  f o r  i n t r o d u c in g  a r e s t r i c t e d  form  
of p o i n t e r .  However, e f f i c i e n c y  i s  a  f i c k l e  b e d fe l lo w .  The ground  r u l e s  
may change d r a s t i c a l l y  w i th  t h e  i n v e n t i o n  o f  a new p i e c e  o f  h a rd w a re .  A 
d e c i s i o n  on t h e  form  of  a  lan g u a g e  from  e f f i c i e n c y  c o n s i d e r a t i o n s  s h o u ld  
o n ly  be  u n d e r ta k e n  w i th  ex trem e  c a r e .
W irth  i s  t h e r e f o r e  n o t  t o t a l l y  wrong and i t  i s  on ly  h i s  em phasis  
t h a t  i s  d i s a g r e e d  w i t h .  Language d e s ig n  ca n n o t  be c o m p le te ly  d iv o rc e d  from  
t h e  im p le m e n ta t io n  and i t  i s  p a r t  of t h i s  work to  i n v e s t i g a t e  t h e  s o f tw a re
8e n g in e e r in g  a s p e c ts  o f  la n g u a g e  im p le m e n ta tio n . In  p a r t i c u l a r ,  a s im p le  
m ethod o f c o m p ile r  c o n s t r u c t io n  m ust be found  and a g e n e ra l  method o f  
im p le m e n ta tio n  d e v e lo p e d . M easurem ent t o o l s  and program m er a id s  m ust a l s o  
b e  i n v e s t i g a t e d .  The com m ercial s u c c e s s  o f th e  lan g u a g e  w i l l  depend on th e  
im p le m e n ta tio n  p r o c e s s .  How ever, th e  lan g u ag e  i t s e l f  may be e v a lu a te d  
s e p a r a t e l y .
The d e s c r i p t i o n  o f  t h e  work f a l l s  n a t u r a l l y  i n t o  f o u r  p a r t s .  
C h a p te rs  2 and 3 d i s c u s s  t h e  d e s ig n  o f  a p a r t i c u l a r  l a n g u a g e ,  S - a l g o l ,  and 
t h e  d e s ig n  m ethodo logy . C hap te r  4 deve lops  a s im p le  method of  co m p ile r  
c o n s t r u c t i o n  and c h a p te r s  5 and 6 c o n s id e r  th e  sy s tem  im p le m e n ta t io n .  The 
t o o l s  f o r  m ea su r in g  t h e  sy s te m  a r e  d i s c u s s e d  i n  c h a p te r  7 and c h a p te r  8 
rev ie w s  th e  r e s e a r c h  and a s s e s s e s  i t .
!• Language D esign  U sing  S em an tic  P r i n c i p l e s
Language d e s ig n  i s  p r o b a b ly  th e  most em o tive  a r e a  i n
C o m p u ta t io n a l  S c ie n c e .  N e a r ly  eve ry o n e  u se s  programming la n g u a g e s  and most
p e o p le  have som eth ing  t o  s a y  a b o u t  t h e i r  d e s ig n .  This f a c t  i s  r e f l e c t e d  in  
t h e  l i t e r a t u r e .  Most of t h e  i n t e r e s t  i s  c e n t r e d  on c r i t i c i s i n g  e x i s t i n g  
language  f e a t u r e s ,  o n ly  a  l i t t l e  i n  d e v e lo p in g  new la n g u a g e s  and a lm os t  
none on a m ethodology  f o r  la n g u a g e  d e s ig n .  C e r t a i n l y  t h e r e  i s  p l e n t y  o f  
g e n e r a l  a d v ic e  l i k e  " t h e  lan g u a g e  must be e a s y  to  l e a r n "  b u t  t h i s  i s  so  
ob v io u s  t h a t  i t  i s  h a r d l y  w o r th w h i le  s a y in g .
A. van  W ijngaarden  [20] w i th  h i s  n o t io n  o f  a  g e n e r a l i s e d  a l g o l  
may be  used  as  a  s t a r t i n g  p o i n t .
" I n  o r d e r  t h a t  a  lan g u a g e  be pow erfu l  and e l e g a n t  i t
sh o u ld  n o t  c o n ta i n  many c o n c e p t s . "
He a rg u e s  t h a t  l a n g u a g e s  a r e  too  complex and t h a t  c o m p le x i ty  i s  
d ue ,  i n  p a r t  a t  l e a s t ,  t o  b e in g  too  r e s t r i c t i v e .  Power th ro u g h  s i m p l i c i t y ,  
s i m p l i c i t y  th ro u g h  g e n e r a l i t y  i s  t h e  m essage . This  l e a d s  t h e  lan g u ag e  
d e s i g n e r  t o  f o rm u la te  t h e  fu n d a m e n ta l  c o n c e p ts  b eh in d  th e  lan g u a g e  and  to  
g e n e r a l i s e  t h e s e  i d e a s  w herever  p o s s i b l e .  Some o f  t h e  consequences  of 
fo l lo w in g  t h i s  c o u r s e  a r e  s u r p r i s i n g  and can l e a d  t o  c o m p l i c a t i o n s .
I n  b o th  E u le r  [8] and A lgo l  68, th e  p ro c e d u re  i s  r e g a r d e d  as a 
f i r s t  c l a s s  d a ta  o b j e c t .  I t  was r e a l i s e d  t h a t  some power c o u ld  b e  g a in e d  by  
p a s s in g  p ro c e d u re s  a s  p a ra m e te r s  t o  o t h e r  p r o c e d u r e s .  T h i s ,  o f  c o u r s e ,  i s  
v e ry  l i k e  a s s ig n m en t  of p r o c e d u r e s  so  t h e  g e n e r a l i s a t i o n  i s  t o  have p ro p e r  
p r o c e d u r e  v a r i a b l e s  and a l lo w  th e  p ro ce d u re  v a lu e s  t o  b e  p a s s e d  around  
f r e e l y .  Q u i te  soon t h e  i d e a  o f  f u n c t i o n  p ro d u c in g  f u n c t i o n s  [21] a p p e a rs  
and b e f o r e  we know i t  a  fu n d a m e n ta l  d e c i s i o n  on th e  im p le m e n ta t io n  h as  been 
made. I t  t u r n s  o u t  t h a t  l a n g u a g e s  w i th  f u n c t i o n  p ro d u c in g  f u n c t i o n s ,  p ro p e r
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a l g o l  scop e  r u l e s  and a s s ig n m e n t  canno t  be s u p p o r te d  by  a  s t a c k  m achine 
a r c h i t e c t u r e  [ 2 2 ] .  However, t h e  la n g u a g e  i s  fu n d a m e n ta l ly  " r i c h e r "  or more 
p o w e rfu l  in  t h a t  i t  can s u p p o r t  h i g h e r  o r d e r  f u n c t i o n s .
At t h i s  s t a g e  t h e  d e s ig n e r  has t o  make a d e c i s i o n .  The c o n c e p t  
g e n e r a l i s a t i o n  can e i t h e r  b e  ig n o r e d  on some o th e r  c o n s t r a i n t ,  f o r  exam ple 
im p le m e n ta t io n  e f f i c i e n c y ,  o r  e l s e  he has  t o  l i v e  w i th  t h e  c o n se q u e n c e s .  
T h is  i s  th e  o n ly  manner in  w hich  s i m p l i c i t y  w i l l  be  a c h ie v e d .  U n f o r tu n a t e l y  
b o th  E u le r  and A lgo l  68 i n t r o d u c e  f u r t h e r  r u l e s  on th e  r e s t r i c t i o n  o f  f r e e  
v a r i a b l e s  t o  a l lo w  t h e  f a c i l i t y  and m a in ta in  e a s e  o f  im p le m e n ta t io n .  This  
i s  a l s o  t r u e  o f  t h e  g e n e r a l i s e d  p o i n t e r  co n c ep t  of A lgo l  68 and i s  p e rh a p s  
a  c lu e  t o  why i t  i s  su c h  a b ig  la n g u a g e .
Why th e n  would we w ish  t o  r e s t r i c t  a  g e n e r a l i s a t i o n ?  One c a s e  
w here  i t  i s  a d v i s a b l e  i s  i n  co m p ile  t im e  ty p e  c h e c k in g .  The f o l lo w in g  
exam ple i s  due t o  H enderson [23] and i s  w r i t t e n  in  an  a l g o l  l i k e  la n g u a g e .
b e g in
p ro c e d u re  P( Q ,a  ) 
b e g in
a  [ 1 ] := 0 ;
Q( a )
end ;
p ro c e d u re  R( x ) 
b e g in
X : =  X  +  1
end ;
a r r a y  b [ 1 : :10 ]
P( R,b )
e n d .
T h is  program  a t t e m p t s  t o  add 1 t o  a  one d im e n s io n a l  a r r a y .  I f  t h e  
lan g u ag e  s p e c i f i e d  i t s  p a ra m e te r  ty p e s  in  f u l l ,  t h i s  n o n se n se  co u ld  be 
d e t e c t e d  a t  com pile  t im e .  I t  i s  p e rh a p s  s u r p r i s i n g  t h a t  A lg o l  60, A lgo l W 
and P a s c a l  would a l lo w  t h i s  p rog ram . Complete g e n e r a l i t y  can l e a d  to  th e
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s i t u a t i o n  where l i t t l e  can be  deduced  from  t h e  program  on s t a t i c  a n a l y s i s .  
T h is  i s  bad s i n c e  most of ou r  c o n c e p ts  o f  n o t a t i o n s  depend on a s u p p o r t i v e  
s t a t i c  r e p r e s e n t a t i o n .
However, t h e  o v e r a l l  d e s ig n  aim of  power th ro u g h  s i m p l i c i t y ,  
s i m p l i c i t y  th ro u g h  g e n e r a l i t y  sh o u ld  b e  t h e  g u id in g  l i g h t .  On some
o c c a s io n s  o t h e r  aims may r e s t r i c t  t h e  g e n e r a l i t y .  W ir th  [2] a rg u e s  t h a t  
such  an o c c a s io n  i s  t h e  c o n f l i c t  betw een s e c u r i t y  and f l e x i b i l i t y
e x e m p l i f ie d  by th e  above exam ple .
The g e n e r a l  r u l e s  f o r  th e  d e s ig n  o f  programming la n g u a g e s  by
s e m a n t ic  p r i n c i p l e s  w i l l  now be d i s c u s s e d .  A l l  o f  t h e  p r i n c i p l e s  f o l l o w  th e  
g u id in g  s t a r  p ro p o se d  above .
The P r in c i p l e  o f C o rrespondence
This  f i r s t  r u l e  i s  b a s e d  on work done by S t r a c h e y  [25] and i s
more c l e a r l y  rev ie w e d  by T ennen t [2 4 ] .  However, t h e  p rob lem  was f i r s t
s t a t e d  by L andin  [ 1 ] .
" In  a lm o s t  e v e ry  la n g u a g e  a u s e r  can c o in  nam es,
obey ing  c e r t a i n  r u l e s  a b o u t  t h e  c o n te x t s  i n  w hich t h e  
name i s  u s e d  and t h e i r  r e l a t i o n  to  t h e  t e x t u a l  
segm ents t h a t  i n t r o d u c e ,  d e f i n e ,  d e c l a r e  o r  o th e r w i s e  
c o n s t r a i n  i t s  u s e .  These r u l e s  v a r y  c o n s id e r a b l y  from  
one lan g u a g e  t o  a n o th e r ,  and f r e q u e n t l y  even w i t h in  a 
s i n g l e  lan g u a g e  t h e r e  may be d i f f e r e n t  c o n v e n t io n s  f o r  
d i f f e r e n t  c l a s s e s  of  names w i th  n e a r  a n a lo g i e s  t h a t
come i r r i t a t i n g l y  c l o s e  t o  b e in g  e x a c t . "
L and in  p o in ts  o u t t h a t  a l l  th e  r u le s  g o v e rn in g  names in  a
lan g u ag e  sh o u ld  be  d e s ig n e d  to g e th e r  in  o rd e r  to  a v o id  i r r e g u l a r i t i e s  in
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t h e  manner i n  w hich  t h e  names may be u s e d .  For exam p le ,  t h e  scope  r u l e s  
s h o u ld  be t h e  same e v e ry w h ere .  I n  most a l g o l s  names may o n ly  be i n t r o d u c e d  
i n  d e c l a r a t i o n s  and as  p r o c e d u re  p a r a m e te r s .  T h e re fo re  f o r  e a c h  t y p e  o f  
d e c l a r a t i o n  in  t h e  la n g u a g e  t h e r e  sh o u ld  be  a c o r r e s p o n d in g  p a r a m e t r i c  
d e c l a r a t i o n .  In d ee d  p a ra m e te r s  s h o u ld  b e  r e g a r d e d  as  l o c a l l y  d e f i n e d  
o b j e c t s .  The p r i n c i p l e  o f  c o r re s p o n d e n c e  goes a l i t t l e  f u r t h e r  by  t a k i n g  
a c c o u n t  o f  a l l  p o s s i b l e  p a ra m e te r  p a s s i n g  modes.
T h is  r u l e  obeys t h e  s i m p l i c i t y  y a r d s t i c k  and Tennent p e r fo rm s  a 
com parison  on P a s c a l  p a r a m e t r i c  and d e c l a r a t i v e  o b j e c t s .  U n f o r tu n a t e l y  
P a s c a l  i s  found  t o  b e  l a c k i n g  u n d e r  t h i s  ty p e  o f  a n a l y s i s  s i n c e  most o f  t h e  
d e c l a r a t i v e  c o n s t r u c t s  have  no p a r a m e t r i c  e q u i v a l e n t .
2l*2. The P r i n c i p l e  o f  A b s t r a c t io n
This r u l e  h as  t h e  same s o u rc e s  as t h e  p r e v io u s  one . A b s t r a c t io n  
i s  a  p ro c e s s  o f  e x t r a c t i n g  th e  g e n e r a l  s t r u c t u r e  t o  a l lo w  th e  i n e s s e n t i a l  
d e t a i l s  to  be ig n o r e d .  Th is  f a c i l i t y  i s  w e l l  known t o  m a th e m a t ic ia n s  and 
program mers s i n c e  i t  i s  t h e  o n ly  t o o l  t h e y  have f o r  h a n d l in g  c o m p le x i ty .
The t e c h n iq u e  when a p p l i e d  t o  lan g u a g e  d e s ig n  i s  t o  d e f i n e  a l l  
t h e  s e m a n t i c a l l y  m ea n in g fu l  s y n t a c t i c  c a t e g o r i e s  i n  t h e  lan g u a g e  and a l lo w  
an  a b s t r a c t i o n  ove r  them. The most f a m i l i a r  form  of  a b s t r a c t i o n  i s  t h e  
f u n c t i o n  w hich i s  an a b s t r a c t i o n  o v e r  e x p r e s s i o n s .  The p r i n c i p l e  o f  
a b s t r a c t i o n  i s  more d i f f i c u l t  t o  a p p ly  th an  th e  p r i n c i p l e  o f  c o rre sp o n d e n c e  
s i n c e  i t  i s  more d i f f i c u l t  t o  i d e n t i f y  t h e  s e m a n t i c a l l y  m ea n in g fu l  
c o n s t r u c t s  th a n  i t  i s  t o  i d e n t i f y  d e c l a r a t i o n s .  A lso  i t  i s  o f t e n  d i f f i c u l t  
t o  v i s u a l i s e  t h e  u s e  o f  an a b s t r a c t i o n  once i t  i s  made.
However, t h e  p r i n c i p l e  o f  a b s t r a c t i o n  i s  k e p t  as a g e n e r a l  r u l e  
and a j u s t i f i c a t i o n  must be made i f  i t  i s  b ro k en .
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2.'À The P r i n c i p l e  o f  D ata  Type Com pleteness
This  p r i n c i p l e ,  w h i l e  n o t  e x p l i c i t l y  s t a t e d  by  S t ra c h e y ,  i s  one 
h e  was w e l l  aware o f .  The r u l e  s t a t e s  t h a t  a l l  d a t a  ty p e s  must have  th e  
same " c i v i l  r i g h t s "  i n  t h e  lan g u a g e  and t h a t  r u l e s  f o r  u s in g  d a t a  t y p e s  
s h o u ld  be com ple te  w i th  no g a p s • This  means t h a t  a ny  o p e r a t i o n  such  as
a s s ig n m e n t  o r  p a s s i n g  t h e  d a ta  o b j e c t  a s  a p a ra m e te r  has  an e q u i v a l e n t  form  
f o r  a l l  d a t a  t y p e s .  The r u l e  does n o t  r e q u i r e  t h a t  a l l  o p e r a t i o n s  be 
d e f in e d  on a l l  d a t a  ty p e s  b u t  r a t h e r  t h a t  s p e c i a l  c a s e s  o f  g e n e r a l  r u l e s  
a r e  n o n - e x i s t e n t .
Examples o f  l a c k  o f  co m p le ten ess  can b e  se en  i n  A lgo l  W where
a r r a y s  a re  n o t  a l lo w e d  as f i e l d s  o f  r e c o r d s  and in  P a s c a l  where o n ly  some
o b j e c t s  a re  a l lo w e d  as e le m en ts  o f  s e t s .  This p r i n c i p l e  w i l l  l e a d  to
s i m p l i c i t y  s in c e  i t  a v o id s  t h e  c o m p le x i ty  o f  s p e c i a l  c a s e s .
2 'A  The C o n c e p tu a l  S to re
A nother  a s p e c t  w hich  w i l l  e f f e c t  t h e  s e m a n t ic  model o f  t h e
lan g u ag e  i s  t h a t  o f  t h e  c o n c e p tu a l  s t o r e .  S ince  t h i s  d i s c u s s i o n  i s  a b o u t  
t h e  a l g o l s  i t  i s  a l r e a d y  com m itted  to  a  s t o r e .  However, i t  i s  u s e f u l  t o  
lo o k  a t  how t h i s  a r o s e  a s  i t  w i l l  g iv e  a c l e a r e r  u n d e r s t a n d in g  o f  why i t  i s  
t h e r e .
I n  g e n e r a l ,  m a th e m a tic s  h a s  no co n c ep t  o f  a s t o r e .  There  a r e  o n ly  
e x p r e s s io n s  which a r e  c h a r a c t e r i s e d  by h av in g  a v a l u e .  The most u s e f u l  
p r o p e r t y  o f  o n ly  h a v in g  a w orld  o f  e x p r e s s io n s  i s  t h a t  o f  r e f e r e n t i a l  
t r a n s p a r e n c y  d e s c r i b e d  by Quine [26] . This  s t a t e s  t h a t  i n  o r d e r  to  e v a l u a t e  
an  e x p r e s s io n  w i th  s u b - e x p r e s s i o n s  a l l  we r e q u i r e  t o  know a b o u t  t h e  su b ­
e x p r e s s io n s  i s  t h e i r  v a l u e s .  A nyth ing  e l s e ,  such  as  t h e  o r d e r  o f  e v a l u a t i o n  
i s  i r r e l e v a n t .  This  p r o p e r t y  i s  an o ld  f r i e n d  i n  m ath em a tic s  and i s  o f t e n
u sed  u n c o n s c io u s ly  a s  S t r a c h e y  p o i n t s  o u t
14
s i n (  6 ) s i n (  1 4 - 5 )  and s i n (  30 /  5 )
a r e  a l l  e x p e c te d  to  have  t h e  same v a l u e .  I t  means t h a t  t h e  s u b - e x p r e s s io n s  
may be e v a lu a t e d  i n  an y  o r d e r .  The a p p l i c a t i v e  lan g u a g e s  make u se  o f  
g e n e r a l  m a th e m a t ic a l  n o t a t i o n  and  have  no u n d e r ly in g  c o n c e p t  o f  a  s t o r e .  
Donahue [27] e m phas ise s  t h a t  t h e  s e m a n t ic  model f o r  t h e s e  ty p e s  of 
la n g u a g e s  a r e  much s im p le r  and Hoare [28] has p ro p o se d  a model f o r  d a ta  
s t r u c t u r e s  i n  such  an e n v iro n m e n t .
How th e n  does t h e  c o n c e p t  o f  t h e  s t o r e  a r i s e ?  Of c o u r s e ,  i t  comes 
from th e  d e s ig n  o f  computer hardw are  w i th  h ig h  sp e ed  s t o r e s .  To a l lo w  th e  
power of t h e s e  m achines  t o  be  f u l l y  u t i l i s e d  i t  i s  n e c e s s a r y  to  make a s  
b e s t  u se  o f  t h e  h ig h  sp e ed  s t o r e  as  p o s s i b l e .  I t  i s  t h e r e f o r e  an  e f f i c i e n c y  
c o n s i d e r a t i o n .
The a s s ig n m e n t  s t a t e m e n t  i s  i n t r o d u c e d  to  a l l o w  th e  s t o r e  t o  be 
r e u s e d .  There  a r e  two p l a c e s  where t h i s  w i l l  improve th e  e f f i c i e n c y  o f  a 
p rog ram . F i r s t l y  i n  loop  c o n t r o l  t o  a l t e r  t h e  c o n t r o l l i n g  v a lu e  and 
s e c o n d ly  i n  p o i n t e r s  t o  a l lo w  s e l e c t i v e  u p d a t in g  o f  d a t a  s t r u c t u r e s .  J u s t  
a s  t h e  g o to  s t a t e m e n t  i s  c o n s id e r e d  h a rm fu l  in  o u r  programming lan g u a g e s  
and i s  r e p l a c e d  by h ig h e r  o r d e r  c o n s t r u c t s ,  i t  may be p o s s i b l e  t o  do th e  
same f o r  a s s ig n m e n t .  Hehner [29] p ro p o se s  a model f o r  an a l g o l  l i k e  
lan g u ag e  w i th o u t  t h e  co n c ep t  o f  a  s t o r e .  Whether i t  can be im plem ented  
e f f i c i e n t l y  i s  an a r e a  o f  f u r t h e r  r e s e a r c h .  Since  th e  s t o r e  may be a l t e r e d  
d u r in g  th e  dynamic e v a l u a t i o n  o f  t h e  program  i t  a l s o  i n t r o d u c e s  t h e  c o n c e p t  
of s e q u e n c in g .  H e h n e r 's  m odel a l s o  s u f f e r s  from  t h i s  and i t  cou ld  b e  t h a t  
rem oval of th e  s t o r e  i n  h i s  c a s e  does n o t  r e a l l y  g a in  t h e  r e q u i r e d  r e s u l t s .
F in a l ly  th e  s to r e  in t r o d u c e s  commands o r s ta te m e n ts  i n  th e  a lg o l  
s e n s e .  Q u ite  o f te n  in  o u r  program m ing lan g u a g e s  th e  s ta te m e n t  i s  th e  
n a t u r a l  u n i t  of e x p re s s io n .  How ever, s ta te m e n ts  sh o u ld  b e  re g a rd e d  as mere 
s y n t a c t i c  s u g a r in g s  t o  h e lp  u s  w r i te  down more com plex e x p r e s s io n s .  In d eed
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i t  i s  h e lp f u l  to  v iew  th e  s ta te m e n t  as an e x p re s s io n  w ith  a v o id  v a lu e .  I t  
w ould be  u s e f u l  i f  th e  lan g u a g e  e n c o u ra g e d  t h i s  in  some m anner.
H aving d i s c u s s e d  a number o f  r u le s  f o r  la n g u a g e  d e s ig n  we may 
p ro c e e d  th u s  ;
_a. D ata  Types
D ecide  w hich d a ta  t y p e s ,  b o th  s im p le  and compound, a re  
r e q u i r e d  by th e  la n g u a g e . D e fin e  th e  o p e r a t io n s  on th e  
d a ta  ty p e s  and ch eck  t h a t  th e  p r in c i p l e  o f  d a ta  ty p e  
co m p le ten ess  h o ld s .
b .  The S to re
In tro d u c e  th e  s to r e  and th e  manner in  w hich i t  may be 
u s e d . T h is  in c lu d e s  d e f in in g  th e  s ta te m e n ts  in  th e  
lan g u a g e  and  su ch  i s s u e s  a s  p r o t e c t i o n .
c .  A b s t r a c t io n
D efin e  th e  s e m a n t ic a l ly  m ea n in g fu l s y n t a c t i c  
c a te g o r i e s  and in v e n t  a b s t r a c t i o n s  f o r  e a c h .
D e c la r a t io n  and P a ra m e te rs
In v e n t  th e  d e c la r a t io n s  and th e  p a ra m e tr ic  o b je c t s  
to g e th e r .  The i s s u e s  h e re  a r e  s to r e  p r o te c t io n  and 
p a ra m e te r  p a s s in g  modes h a v in g  a one to  one 
c o rre sp o n d e n c e  w ith  d e c l a r a t i v e  m odes.
e^ . In p u t and O u tpu t
In tro d u c e  th e  l/O  m odel to  th e  sy s te m .
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f_. I t e r a t e
F i n a l l y ,  r e - e v a lu a t e  th e  lan g u ag e  and c o r r e c t  or 
j u s t i f y  any id io s y n c r a s i e s  in  th e  d e s ig n . How o f te n  
th e  r u l e s  can be b roken  i s  f o r  th e  d e s ig n e r 's  own 
c o n s c ie n c e . The r u l e s  were in t ro d u c e d  to  h e lp  d e s ig n  
s im p le r  and  more i n t e l l e c t u a l l y  m anageab le  lan g u a g e s  
and sh o u ld  o n ly  be ig n o re d  w ith  g r e a t  c a r e .
Once t h i s  h a s  been a c h ie v e d  and th e  lan g u ag e  h as  re a c h e d  a  f ix e d  
p o in t ,  a  c o n c re te  s y n ta x  may b e  in v e n te d .  I t  i s  p e rh a p s  d e s i r a b l e  t h a t  
d i f f e r e n t  g roups o f w o rk ers  have  a  d i f f e r e n t  c o n c re te  s y n ta x  d ep en d in g  on 
t h e i r  t a s t e .  I n  any  c a s e  th e  s y n ta x  sh o u ld  enhance th e  c l a r i t y  o f  program s 
n o t  h in d e r  i t .
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À *  S- a l g o l  D esig n
The S - a lg o l  la n g u a g e  i s  d e s ig n e d  on th e  p r i n c i p l e s  o u t l in e d  in  
t h e  p re v io u s  c h a p te r .  A d is c u s s io n  o f  th e  m ain c o n c e p ts  o f th e  lan g u ag e  i s  
now g iv e n . As w ith  m ost o th e r  la n g u a g e s  th e r e  i s  a t e n s io n  betw een th e  
d e s ig n  aims and a p r a c t i c a l  im p le m e n ta tio n . Whenever one o f  th e  p r in c i p l e s  
h a s  been v i o l a t e d  a com ple te  d i s c u s s io n  o f  th e  i s s u e s  in v o lv e d  i s  g iv e n . 
How ever, i n  th e  m ain , a d h e re n c e  to  th e  th r e e  t e n e t s  h a s  le d  to  a  v e ry  
s im p le  lan g u ag e  b a sed  on th e  f a c t  t h a t  th e r e  a r e  few er r u l e s  and 
e x c e p t io n s .  An a s se s s m e n t o f th e  lan g u a g e  i s  g iv en  in  c h a p te r  8 .
The d e s c r i p t i o n  o f  th e  m ain i s s u e s  in  th e  lan g u a g e  fo llo w s  th e  
m ethod of d ev e lo p m en t. However, s in c e  th e  lan g u ag e  e x i s t s ,  i t  h a s  a  
c o n c re te  s y n ta x  f o r  a t  l e a s t  one im p le m e n ta tio n . Where i t  i s  f e l t  n e c e s s a ry  
t h i s  c o n c re te  s y n ta x  has  been u sed  f o r  c l a r i t y  in  th e  d e s c r i p t i o n .  The f u l l  
sy n ta x  i s  g iv e n  in  A ppendix I  w ith  th e  lan g u a g e  r e f e r e n c e  m anual.
The d i s c u s s io n  b e g in s  w ith  th e  d e s ig n  o f  th e  d a ta  t y p e s .
The U n iv e rse  o f D is c o u rs e
The d a ta  ty p e s  i n  S - a lg o l  a re  d e f in e d  by  th e  fo llo w in g  r u l e s .
a .  The s c a l a r  d a ta  ty p e s  a r e  i n t , r e a l ,  b o o l ,  f i l e  and s t r i n g .
Type i n t  r e p r e s e n t s  th e  v a lu e s  in  th e  s e t  o f a l l  
i n t e g e r s . I n  p r a c t i c e  th e  i n t e g e r s  may be r e s t r i c t e d  to  
th e  a r i t h m e t i c  l i m i t  o f th e  p a r t i c u l a r  h a rd w a re . The 
same i s  t r u e  o f ty p e  r e a l  w hich r e p r e s e n ts  th e  v a lu e s  
in  th e  s e t  o f a l l  r e a l s .  The o p e ra t io n s  on i n t  and 
r e a l s  a re  a d d i t i o n ,  s u b t r a c t i o n ,  m u l t i p l i c a t i o n ,  
d i v i s i o n  and  rem a in d e r  f o r  i n t s . The i n t e g e r s  and th e  
r e a l s  have th e  r e l a t i o n a l  o p e r a to r s  l e s s  th a n ,  l e s s
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th a n  o r e q u a l ,g r e a t e r  th a n , g r e a t e r  th a n  o r 
e q u a l ,e q u a l  to  and n o t e q u a l  to  d e f in e d  on them  b u t 
t h e  r e s u l t  i s  o f ty p e  b o o l .  F i n a l l y  ty p e  i n t  may be 
c o e rc e d  to  r e a l  i f  n e c e s s a r y .
Type b o o l r e p r e s e n t s  th e  v a lu e s  in  th e  s e t  
{ t r u e , f a l s e  } . The o p e r a t io n s  on b o o ls  a r e  e q u a l  t o ,  
n o t  e q u a l  t o ,  a n d , i n c l u s iv e  o r and n o t .  The 'a n d ' and 
' o r '  a r e  n o n - s t r i c t .
Type f i l e  r e p r e s e n t s  th e  s e t  o f f i l e  
d e s c r i p to r s  t h a t  a re  a v a i l a b l e  i n  a  p a r t i c u l a r  
im p le m e n ta tio n . The o n ly  o p e r a t io n s  on f i l e s  a r e  e q u a l  
to  and n o t e q u a l  t o .
F i n a l l y ,  ty p e  s t r i n g  r e p r e s e n ts  th e  s e t  o f 
a l l  p o s s ib l e  c o l l e c t i o n s  o f c h a r a c te r s  i n  th e  
c h a r a c te r  s e t .  At f i r s t  t h i s  seems to  be a compound 
d a ta  o b je c t  and  i s  re g a rd e d  as su ch  by some. However, 
i t  i s  u n n e c e s s a r i ly  com plex to  in tro d u c e  a ty p e  char 
and a compound ty p e  s t r i n g  f o r  a l l  t y p e s .  The c o n c ep t 
i s  to o  c lo s e  t o  a  v e c to r  fo r  c o m fo rt and i s  f u r t h e r  
c o n fu se d  by th e  d i f f e r e n c e  betw een v e c to r s  o f 
c h a r a c te r s  and s t r i n g s  o f c h a r a c te r s .  By in c lu d in g  
s t r i n g s  and n o t c h a r a c te r s  a s  a  s c a l a r  d a ta  ty p e  t h i s  
c o n fu s io n  i s  a v o id e d  and a  s im p le  m ethod o f  a llo w in g  
th e  b a s ic  o p e r a t io n s  on s t r i n g s  i s  a v a i l a b l e .  These 
o p e r a t io n s  a re  c o n c a te n a t io n ,  s u b s t r in g  s e l e c t i o n ,  
le n g th  and a l l  th e  r e l a t i o n a l  o p e r a t io n s .  T his 
a p p ro ach  i s  much more p le a s a n t  th a n  h a v in g , as in  
P a s c a l ,  a r r a y s  o f c h a r a c t e r s .
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b .  F or any  d a ta  ty p e  T, *T i s  th e  d a ta  ty p e  o f a v e c to r  w ith  com ponents o f 
ty p e  T
The o p e ra t io n s  on v e c to r s  a re  in d e x in g , upper and 
low er bound , e q u a l  to  and n o t e q u a l  t o .  N ote t h a t  th e  
bounds o f th e  v e c to r  a r e  n o t  p a r t  o f i t s  ty p e  and a re  
d e te rm in e d  d y n a m ic a l ly . A lso m u lt i -d im e n s io n a l  a r r a y s  
can be im plem en ted  as v e c to r s  o f v e c to r s .
c .  The d a ta  ty p e  p n t r  c o m p rise s  o f a  s t r u c t u r e  w ith  an y  number o f  f i e l d s  
and any d a ta  ty p e  i n  each  f i e l d .
Each u s e r  d e f in e d  s t r u c t u r e  c la s s  h a s  a  f ix e d  number 
o f f i e l d s  o f f ix e d  ty p e .  The c la s s  o f a  s t r u c t u r e ,  
l i k e  th e  bounds o f a  v e c to r  i s  n o t p a r t  o f th e  p n t r  
ty p e  b u t  i s  a g a in  d e te rm in e d  d y n a m ic a l ly . The 
o p e r a t io n s  on s t r u c t u r e s  a re  f i e l d  s e l e c t i o n ,  e q u a l 
t o ,  n o t  e q u a l  to  and a t e s t  t h a t  a p n t r  i s  a  g iv en  
c l a s s .
To e n su re  th e  p r i n c i p l e  o f  d a ta  ty p e  co m p le ten ess  i s  fo llo w e d  th e  
w o rld  of d a ta  o b je c t s  i s  g iv e n  a s  th e  c lo s u re  o f  r u l e  ( a ) ,  u nder th e  
r e c u r s iv e  a p p l i c a t i o n  o f  r u le s  (b) and ( c ) . T h is ,  o f  c o u rs e ,  g iv e s  an 
i n f i n i t e  number o f  d a ta  t y p e s .  Anywhere i n  th e  lan g u a g e  w here a d a ta  ty p e
i s  r e f e r r e d  t o ,  c a re  m ust be ta k e n  to  e n s u re  t h a t  a l l  d a ta  ty p e s  a re
a c c e p ta b le .  T h is i s  n o t a p p l i c a b l e  t o  o p e r a t io n s  on s p e c i f i c  d a ta  t y p e s .  In
t h i s  manner a l l  d a ta  ty p e s  w i l l  have  th e  same c i v i l  r i g h t s .
N o tic e  t h a t  u n l ik e  A lg o l 68 , e q u a l i t y  i s  d e f in e d  on a l l  o f  th e  
d a ta  ty p e s .  A f u l l  e x p la n a t io n  o f  t h i s  i s  g iv e n  in  th e  n e x t  s e c t i o n .
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The S- a l g o l  C o n c e p tu a l S to re
The s t o r e  c o n c e p t ,  i n  t h e  a l g o l s ,  a r i s e s  from  th e  p r a c t i c a l i t y  o f  
e f f i c i e n t  im p le m e n ta t io n s  o f  program s on Von Neumann m a c h in e s .  One o f  t h e  
a r e a s  in  which e f f i c i e n c y  w i l l  b e  im proved i s  i n  t h e  im p le m e n ta t io n  o f  
l a r g e  d a ta  s t r u c t u r e s .  I n  S - a l g o l ,  t h e  v e c t o r s  and s t r u c t u r e s  have  f u l l  
c i v i l  r i g h t s  and may be a s s i g n e d .  From an e f f i c i e n c y  p o i n t  o f  v iew  i t  i s  
unw ise  to copy t h e s e  o b j e c t s  on a s s ig n m e n t  and a s l i g h t l y  d i f f e r e n t  v iew  o f  
v e c t o r s  and s t r u c t u r e s  must be t a k e n  f o r  an e f f i c i e n t  im p le m e n ta t io n .
O b je c ts  o f  t y p e  *T and p n t r  a r e  r e g a r d e d  as p o i n t e r s  t o  v e c t o r s  
and s t r u c t u r e s  r e s p e c t i v e l y .  The v a l u e  o f  a v e c to r  o r  a  s t r u c t u r e  i s  
d e f in e d  a s  t h e  p o i n t e r .  T h e re fo re  on a s s ig n m e n t  or s i m i l a r  o p e r a t i o n s  o n ly  
t h e  p o i n t e r  i . e  t h e  v a lu e  i s  c o p ie d .
The d e f i n i t i o n  o f  e q u a l i t y  on a l l  d a t a  ty p e s  can now be r e g a r d e d  
a s  a  com parison  o f  t h e i r  v a l u e s .  However, i t  must a lw ays  be  remembered t h a t  
t h e  v a lu e  o f  a compound d a t a  o b j e c t  i s  t h e  p o i n t e r .  Th is  g iv e s  f u r t h e r  
p ro o f  t h a t  t h e  s t o r e  c o m p l ic a te s  t h e  s e m a n t ic  model.
F u r th e rm o re ,  t h e  prob lem  o f  t h e  g e n e r a l  p o i n t e r  o f  L - v a lu e  as  
S t r a c h e y  would c a l l  i t  h a s  been  r a i s e d .  L e t  us q u i c k ly  k i l l  i t  by u s in g  as  
e v id e n c e  a g a i n s t ,  t h e  o b j e c t i o n s  r a i s e d  by Hoare [28] and th e  d i s a s t r o u s  
e f f e c t s  i t  has  had  on A lgo l  68 su c h  as  t h e  d a n g l in g  r e f e r e n c e .  I t  i s  bad 
enough h av in g  a  r e s t r i c t e d  p o i n t e r  f o r  e f f i c i e n c y ' s  s a k e .
The s e m a n t ic  model o f  th e  s t o r e  i s  one w i th  L- v a l u e s  and R -v a lu e s  
f o r  each  d a t a  t y p e .  That i s ,  t h e  v a lu e s  i n  a l l  d a t a  ty p e s  may be a s s ig n e d  
t o  a  l o c a t i o n .  I n  g e n e r a l  L - v a lu e s  ca n n o t  be p a s se d  a round  o n ly  a s s ig n e d  
t o .  However, v e c t o r s  and s t r u c t u r e s  c o n ta in  L -v a lu e s  w hich th e m se lv e s  
c o n t a i n  t h e  R -v a lu e s  o f  t h e  e le m e n t s .
One f u r t h e r  c o n c e p t  t o  be d i s c u s s e d  in  r e l a t i o n  t o  th e  s t o r e  i s  
p r o t e c t i o n  and i n  p a r t i c u l a r  c o n s ta n c y .
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C onstancy
The co n c ep t  of a v a r i a b l e  i s  one w hich i s  w e l l  e s t a b l i s h e d  in  t h e  
c u r r e n t  a l g o l s .  I t  t a k e s  t h e  form  o f  a  name w hich  may a l t e r  i t s  v a lu e  
d u r in g  th e  e x e c u t io n  o f  t h e  p rogram . The v a r i a b l e  i s  im plem ented  by  a 
l o c a t i o n  w hich  c o n ta i n s  i t s  v a l u e .  When a v a r i a b l e  i s  u p d a te d  i t s  R -v a lu e  
i s  a l t e r e d .  C o n s ta n ts ,  by  c o m p a r iso n ,  a r e  n o t  o f t e n  found as a  s e p a r a t e  
c o n c e p t ,  a l th o u g h  t h e  m a j o r i t y  o f  v a r i a b l e s  would be b e t t e r  im plem ented  as
c o n s t a n t s  s i n c e  t h e y  n e v e r  a l t e r  t h e i r  v a lu e .  A c o n s ta n t  i s  an o b j e c t  whose 
v a lu e  i s  i n v a r i a n t .  I t  may be  i n i t i a l i s e d  b u t  n e v e r  a l t e r e d  i n  i t s  
l i f e t i m e .  L ik e  a  v a r i a b l e ,  a  c o n s ta n t  has  an L - v a lu e  and an R - v a lu e ,  b u t  
any a t te m p t  t o  u p d a te  i t  w i l l  p ro d u ce  an  e r r o r .A c c o r d i n g  t o  S t r a c h e y  [31]
"C onstancy  i s  an a t t r i b u t e  o f  t h e  L - v a lu e ,a n d  i s  
m oreover an i n v a r i a n t  p r o p e r t y .  Thus when we c r e a t e  a
new L - v a lu e ,  ...................we must d e c id e  w he ther  i t  i s
v a r i a b l e  o r  c o n s t a n t . "
The m a n i f e s t  c o n s ta n t s  of  BCPL [32] and P a s c a l  do n o t  meet t h i s  
d e f i n i t i o n  o f  c o n s ta n c y .  They a r e  com pile  t im e  o b j e c t s  and a re  n o t  
im plem ented  as p r o t e c t e d  l o c a t i o n s .  F u r th e rm o re ,  t h e  i s s u e  o f  c o n s ta n c y  
e x te n d s  beyond th e  w orld  o f  s c a l a r  d a ta  o b j e c t s .  As t h e  d e f i n i t i o n  p o i n t s  
o u t ,  anywhere an  L - v a lu e  i s  i n t r o d u c e d  i t  must have  t h e  o p t io n  o f  b e in g  
c o n s t a n t  o r  v a r i a b l e .  T h e r e f o r e ,  in  a d d i t i o n  t o  t h e  s c a l a r  v a lu e s  b e in g
c o n s t a n t  so  a l s o  may s t r u c t u r e s ,  t h e i r  f i e l d s ,  v e c t o r s  and t h e i r  e le m en ts  
be  c o n s t a n t .  A f u l l e r  d i s c u s s i o n  on t h e  co n cep t  o f  c o n s ta n c y  i s  g iv e n  by 
Gunn and M orr ison  [3 3 ] .
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^ •A  C o n t ro l  S t r u c t u r e s
The i n t r o d u c t i o n  o f  t h e  s t o r e  f o r c e s  c o n s i d e r a t i o n  o f  t h e  
lan g u a g e  c o n t r o l  s t r u c t u r e s .  L ega rd  and M a rc o t ty  [36] have c l a s s i f i e d  
c o n t r o l  s t r u c t u r e s  and S - a lg o l  f a l l s  i n t o  t h e i r  D' c a t e g o r y .  T h e i r  
c o n c lu s io n  i s  t h a t  t h e  c o r r e c t  b a la n c e  betw een power and s e c u r i t y  i s  g iv e n  
by t h i s  c a t e g o r y .  S - a lg o l  i s  an e x p r e s s io n  o r i e n t a t e d  la n g u a g e  and i t  
r e g a r d s  a  s ta t e m e n t  as an e x p r e s s io n  o f  ty p e  v o id .  The s e l e c t i o n  c l a u s e s
a r e  ..........  t h e n ..........e l s e  w hich  d e g e n e r a te s  t o  i ^  ................ do- f o r  t h e
s i n g l e  p ronged  v e r s i o n ,  and a c a s e  c l a u s e .  The c a s e  c l a u s e  i s  a new ty p e  
of c a s e  s ta t e m e n t  where th e  c a se  s e l e c t o r  i s  o f  any  ty p e  and i s  m atched  
w i t h  e x p r e s s io n s  of t h e  same ty p e  t o  f i n d  th e  s e l e c t e d  c l a u s e .  The 
m atch ing  t e s t  i s  t h e  e q u a l i t y  t e s t  and th e  t e s t s  a r e  pe rfo rm ed  in  o r d e r  so 
t h a t  th e  programmer can p l a c e  t h e  most l i k e l y  one f i r s t .  This  i s  r a t h e r  
l i k e  t h e  guarded  commands o f  D i j k s t r a  [57] w i th  t h e  n o n -d e te rm in is m  
rem oved.
The r e s t  o f  t h e  c o n t r o l  s t r u c t u r e s  a re  f a i r l y  c o n v e n t i o n a l .  They 
a r e  w h i l e  . . .  do , r e p e a t  . . .  w h i l e  and r e p e a t  . . .  w h i l e  . . .  ^  w hich g iv e  
l o o p s  w i th  t e s t s  a t  t h e  s t a r t ,  end and m idd le  o f  l o o p s .  The f o r  loop  i s  
s i m i l a r  t o  t h a t  p ro p o se d  by  Hoare [34] . The c o n t r o l  i d e n t i f i e r  i s  c o n s ta n t  
and i s  r e d e f in e d  e v e ry  t im e  round  th e  lo o p .  The i n i t i a l  v a l u e ,  s t e p  and 
l i m i t  a r e  r e s t r i c t e d  t o  i n t e g e r s  and e v a lu a te d  o n ly  o n c e .  Of c o u r s e ,  t h e r e  
i s  no g o to  s t a t e m e n t .
A ’A A b s t r a c t io n s
T ennent [24] has s u g g e s t e d  t h a t  t h e  method o f  a p p ly in g  th e  
p r i n c i p l e  o f  a b s t r a c t i o n  i s  t o  i d e n t i f y  th e  s e m a n t i c a l l y  m e a n in g fu l  
s y n t a c t i c  c a t e g o r i e s  i n  t h e  la n g u a g e  and  a l lo w  an a b s t r a c t i o n  over  them . 
T h is  he does f o r  P a s c a l  and p ro p o se s  some e x t e n s i o n s  t o  com p le te  t h e
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a b s t r a c t i o n s .  However, he  p o i n t s  o u t  t h a t  i t  i s  n o t  an e a s y  m a t t e r  t o  
i d e n t i f y  t h e s e  c a t e g o r i e s  i n  t h e  f i r s t  p l a c e .  A t a b l e  i s  g iv e n  f o r  S - a lg o l
S y n t a c t i c  c a t e g o r y  A b s t r a c t io n
ty p e d  c l a u s e  ty p e d  p ro c e d u re
u n ty p ed  c l a u s e  un ty p ed  p ro c e d u re
d e c l a r a t i o n  module
se q u e n c e r  s e q u e l
P ro c e d u re s  a r e  f a m i l i a r ,  t h e  a b s t r a c t i o n s  over  d e c l a r a t i o n s  and 
s e q u e n c e r s  a r e  n o t .  Tennen t u s e  t h e  name module a f t e r  Schuman [35] f o r  a 
d e c l a r a t i o n  a b s t r a c t i o n .  The p rob lem  w i th  t h i s  i s  t h a t  i t  d e s t r o y s  t h e  
b lo c k  s t r u c t u r e d  sc o p e  r u l e s  o f  a l g o l .  H is  a b s t r a c t i o n  o v e r  s e q u e n c e rs  i s
a s e q u e l  w hich i s  j u s t  a n o th e r  c o n v o lu te d  g o to .  L egard  and M a rc o t ty  [36]
and now M o rr iso n  a r e  e x t r e m e ly  c r i t i c a l  o f  t h i s  ty p e  o f  b r a n c h .  On th e  
o t h e r  hand Knuth [37] d e fe n d s  i t .
The p rob lem  now i s  t o  i d e n t i f y  th e  u s e f u l  a b s t r a c t i o n s .  The 
p r o c e d u r e  i s  an o ld  and t r u s t e d  f r i e n d .  The s e q u e l  lo o k s  dangerous  and
c o n f u s in g .  The module a t  f i r s t  g la n c e  lo o k s  u s e f u l  b u t  i t  d e s t r o y s  t h e
scope  r u l e s .  I n  t h e  f i n a l  a n a l y s i s  S - a l g o l  r e j e c t e d  th e  module and th e  
s e q u e l .  I t  i s  i n t e r e s t i n g  t o  n o te  t h a t  t h e  lan g u a g e  has  o n ly  f o u r  
s e m a n t i c a l l y  m e a n in g fu l  s y n t a c t i c  c a t e g o r i e s  w hich p e rh a p s  h i g h l i g h t s  i t s  
s i m p l i c i t y .
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A ’A D e c l a r a t i o n s  and P a ra m e te r s
B efo re  d i s c u s s i n g  t h i s ,  some s u p p o r t  from  D i j k s t r a  [13] f o r  t h e  
ap p ro ach  ta k e n  i s  g i v e n .  F i r s t  o f  a l l  t h e  A lgo l  60 p a ra m e te r  mechanism.
" . . . .  I  am g e t t i n g  v e r y  d o u b t f u l  a b o u t  A lg o l  6 0 's  
p a ra m e te r  p a s s i n g  mechanism ; i t  a l lo w s  t h e  programmer 
so much c o m b i n a to r i a l  f reedom  t h a t  i t s  c o n f id e n t  u se  
r e q u i r e s  a  s t r o n g  d i s c i p l i n e  from  th e  program m er.
B e s id e s  b e in g  e x p e n s iv e  t o  implement i t  seems 
d a nge rous  t o  u s e . "
and l a t e r  on i n  t h e  same p a p e r .
"A number o f  r u l e s  h av e  been d i s c o v e r e d ,  v i o l a t i o n  o f  
which w i l l  e i t h e r  s e r i o u s l y  im p a ir  o r  t o t a l l y  d e s t r o y  
th e  i n t e l l e c t u a l  m a n a g e a b i l i t y  o f  t h e  program
...................  Examples a r e  t h e  i n c l u s i o n  o f  t h e  go to
s ta t e m e n t  and o f  p r o c e d u r e s  w i th  more th a n  one o u tp u t  
p a r a m e t e r . "
In  t h e  modern a l g o l s  a  p l e t h o r a  o f  p a ra m e te r  p a s s i n g  modes has  
e v o lv e d .  I t  i s  u s u a l l y  one o f  t h e  most d i f f i c u l t  a r e a s  t o  u n d e r s t a n d  in  a  
lan g u ag e  and i s  c e r t a i n l y  complex t o  t e a c h .  By c o n s id e r in g  th e  d e c l a r a t i v e  
and p a r a m e t r i c  mechanisms t o g e t h e r  and a p p ly in g ,  t h e  p r i n c i p l e  o f  
c o r r e s p o n d e n c e ,  i t  i s  hoped  t h a t  a s im p le r  and more e l e g a n t  s o l u t i o n  w i l l  
be  fo u n d .
The o u tp u t  p a ra m e te r  i s  t h e  f i r s t  t o  r e c e i v e  a t t e n t i o n .  A lg o l  W 
c a l l s  t h i s  a  r e s u l t  p a ra m e te r .  I t  seems s t r a n g e  in d e e d  t o  have  an  o b j e c t  of 
t h i s  ty p e  a t  a l l .  I t  i s  f o r  most o f  t h e  t im e  a name w i th o u t  a  v a l u e .  As a
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d e c l a r a t i o n  i t  i s  u s u a l l y  g iv e n  a s  a  name t o  be  bound t o  a t y p e .  The v a lu e  
i s  made by an a s s ig n m e n t  l a t e r .  D i s a l lo w in g  t h i s  f o r c e s  a l l  d e c l a r a t i o n s  t o  
i n i t i a l i s e  t h e  o b j e c t ,  w hich  i s  a  good id e a  s in c e  i t  c o m p le te ly  e l i m i n a t e s  
one  ty p e  o f  programming e r r o r  and a l s o  im proves e f f i c i e n c y  s in c e  t h e  
im p le m e n ta t io n  does n o t  have  t o  check  f o r  u n i n i t i a l i s e d  v a l u e s .
V a lu e -R e s u l t  p a ra m e te r s  s u f f e r  from  a s i m i l a r  n o n s e n s e .  They a r e  
m e re ly  a v a r i a t i o n  on c a l l  b y  r e f e r e n c e .  S in c e ,  i n  g e n e r a l ,  L - v a lu e s  have  
b e e n  banned from  b e in g  p a s s e d  a ro u n d ,  t h e  p a ra m e te r  mode has  no d e c l a r a t i v e  
a n a lo g y .  A lso  la n g u a g e s  w i th o u t  t h i s  mode w i l l  n o t  s u f f e r  from  t h e  F o r t r a n  
d i s e a s e  of o v e r w r i t i n g  l i t e r a l s .
D e c la r in g  a name and g i v in g  a  v a lu e  o r  c a l l i n g  a p ro c e d u re  s e t s  
up a c o rre sp o n d e n c e  betw een t h e  fo rm a l  p a ra m e te r  ( name ) and th e  a c t u a l  
p a ra m e te r  ( v a lu e  ) .  I t  was a rg u e d  above t h a t  names sh o u ld  b e  g iv en  v a lu e s  
on d e c l a r a t i o n .  This  c o r re s p o n d s  t o  c a l l  by  v a l u e  f o r  p a r a m e te r s .  
Assignm ent t o  a fo rm a l  p a ra m e te r  i n s i d e  a p ro c e d u re  has  no e f f e c t  o u t s i d e  
and th e  v a lu e  w i l l  d i s a p p e a r  on e x i t .  With b o th  d e c l a r a t i o n s  and p a ra m e te r s  
a n  L - v a lu e  h a s  been  in t r o d u c e d  and th e  s y n ta x  must a l l o w  f o r  i t  b e in g  
c o n s t a n t  o r  v a r i a b l e .  This  does n o t  e f f e c t  t h e  p a ra m e te r  p a s s in g  mode i t  
m e re ly  d e te rm in e s  w he the r  a s s ig n m e n ts  t o  t h e  l o c a t i o n  a r e  a l lo w e d .  Thus 
S - a l g o l  has o n ly  c a l l  by  v a l u e  w i th  t h e  p ro c e d u re  b e in g  a b l e  t o  r e t u r n  a 
v a lu e  which may be s c a l a r  o r  compound.
I t  may be a rg u e d  t h a t  c a l l  b y  r e f e r e n c e  i s  a l s o  p r e s e n t  f o r  
v e c t o r  and s t r u c t u r e  e l e m e n t s .  This  i s  b e c a u se  a d e c i s i o n  h a s  a l r e a d y  been 
t a k e n  to  have  r e f e r e n c e  o b j e c t s  and c a u se s  no i n c o n s i s t e n c y  be tw een  
d e c l a r a t i v e  and p a r a m e t r i c  modes. The v a lu e  o f  a v e c to r  o r  a  s t r u c t u r e  i s  
i t s  p o i n t e r  and th e  r e f e r e n c e  i d e a  i s  a l r e a d y  p r e s e n t  i n  a s s ig n m e n t .  In d eed  
i t  would be i n c o n s i s t e n t  t o  im plem ent t h e  p a ra m e te r  i n  an y  o t h e r  m anner.
F i n a l l y  on d e c l a r a t i o n s ,  names may be i n t r o d u c e d  to  r e p r e s e n t  a
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s t r u c t u r e  c l a s s  and a p r o c e d u r e .  To com ple te  t h e  p r i n c i p l e  o f  
c o rre sp o n d e n c e  t h e r e  must be  a p a r a m e t r i c  e q u i v a l e n t .  I n  o r d e r  t o  p r e s e r v e  
t h e  s t r o n g  t y p in g  i n  t h e  la n g u a g e ,  a p ro c e d u re  p a s se d  as a  p a ra m e te r  must 
s p e c i f y  i t s  p a ra m e te r  ty p e s  and th e  same i s  t r u e  f o r  a  s t r u c t u r e  c l a s s .  
T h is  lo o k s  v e r y  l i k e  h a v in g  s t r u c t u r e  c l a s s e s  and p r o c e d u re s  as  f i r s t  c l a s s  
c i t i z e n s .  However, t h e s e  o b j e c t s  were s p e c i f i c a l l y  e x c lu d e d  from  th e  
d e s c r i p t i o n  of t h e  d a ta  ty p e s  i n  o r d e r  t o  a v o id  t h e  c o m p l ic a t io n  o f  
im p lem en ting  f u n c t i o n  p ro d u c in g  f u n c t i o n s  [22] and modals [23] i n  A lg o l  68 
p a r l a n c e .  They a r e  m ere ly  h e re  t o  co m p le te  t h e  p r i n c i p l e  o f  c o r r e s p o n d e n c e .  
I t  may a l s o  be n o te d  t h a t  p a s s i n g  a f u n c t i o n  a s  a p a ra m e te r  i s  t h e  c o r r e c t  
m ethod of im p lem en ting  c a l l  b y  name. The t a b l e  below g iv e s  t h e  S - a lg o l  
modes.
P a r a m e t r i c  C o n s t ru c t
D e n o ta t io n D e c l a r a t i v e  c o n s t r u c t Form al A c tu a l
I n i t i a l i s e d  name 
w i th  c o n s ta n t  v a lu e
l e t  I  = E , f o r  I  = E cT I
I n i t i a l i s e d  name 
w i th  v a r i a b l e  v a lu e
l e t  I  := E T I
s t r u c t u r e s t r u c t u r e  I (  t l l 1 , . . . . t n i n  ) same
p ro c e d u re p ro c e d u re  I (  t I I 1 , . . . . t n I n  ) ( t l . . . t n ) I  I
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^._7 The I n p u t  O utpu t Model
The i / o models f o r  most h ig h  l e v e l  la n g u a g e s  t e n d  to  r e f l e c t  t h e  
e nv ironm en t i n  w hich t h e y  were d e s ig n e d .  Some a t t e m p t s  h av e  been made to  
d e s ig n  and implem ent com prehensive  l /O  s y s te m s .  U n f o r tu n a t e l y  where i t  has  
n o t  been  t i e d  t o  p a r t i c u l a r  h a rd w a re ,  as  i n  t h e  A lg o l  68 c a s e ,  i t  h a s  n ever  
b e e n  v e ry  s u c c e s s f u l .  Nowhere e l s e  i n  t h e  d e s ig n  o f  a programming la n g u a g e  
does  t h e  hardw are  i n t e r v e n e  a s  much as  i t  does i n  t h e  l /O  sy s te m . When a 
new I/o d e v ic e  becomes a v a i l a b l e  t h e  lan g u a g e  must be a b l e  t o  make u s e  o f  
i t .  Of c o u r s e ,  t h i s  s i t u a t i o n  i s  h o p e le s s  and p e rh ap s  t h e  w i s e s t  a p p ro a c h  
t o  I /O  i s  t o  a l lo w  t h e  im p lem en to r  t o  d e a l  w i th  i t  f o r  a  p a r t i c u l a r  
e n v iro n m e n t ,  as  t h e  A lgo l  60 d e s ig n e r s  p ro p o se d .
The S - a lg o l  s o l u t i o n  i s  t o  p ro p o se  an I /O  model b u t  t o  i n v i t e  t h e  
im p lem en to r  to  a l t e r  t h e  m odel i n  t h e  s p i r i t  o f  t h e  la n g u a g e  whenever i t  i t  
c o n s id e r e d  n e c e s s a r y .  By d e s ig n i n g  an e x t r e m e ly  s im p le  l /O  sy s tem  i t  i s  
hoped t h a t  t o g e t h e r  w i th  t h e  a b s t r a c t i o n  f a c i l i t i e s  i n  t h e  la n g u a g e ,  i t  
w i l l  be p o w e rfu l  enough t o  h a n d le  any  e n v iro n m e n t .  T his  i s  p e rh a p s  a 
f o r l o r n  hope .
The S - a lg o l  l /O  sy s te m  i s  b a se d  on f i l e s .  A f i l e  i s  a  sequence  o f  
c h a r a c t e r s  o r  b i n a r y  d i g i t s .  F i l e s  may be  c r e a t e d ,  d e l e t e d ,  and g e n e r a l l y  
m a n ip u la te d  w i t h in  a p rog ram . A f i l e  d e s c r i p t o r  i s  a d a ta  ty p e  w ith  f u l l  
c i v i l  r i g h t s .  The f i l e  sy s tem  has  f u n c t i o n s  w hich a c t  on f i l e s  t o  p e rfo rm  
t h e  i / o . Read and W ri te  a r e  two o f  t h e s e  f u n c t i o n s  and th e y  e x i s t  f o r  d a ta  
ty p e s  i n t ,  r e a l ,  b o o l  and s t r i n g  in  b o th  c h a r a c t e r  and b i n a r y  fo rm . The 
t e s t  f o r  e q u a l i t y  on two f i l e s ,  t e s t s  i f  t h e y  a r e  t h e  same f i l e .
T h is  v e r y  s im p le  sy s te m  i s  e x tre m e ly  p o w e rfu l  e s p e c i a l l y  when 
combined w i th  t h e  S - a lg o l  a b s t r a c t i o n  f a c i l i t i e s .  However i t  i s  d o u b t f u l  i f  
i t  i s  s u f f i c i e n t  t o  h a n d le  a l l  th e  s i t u a t i o n s  t h a t  may a r i s e .  F u r th e rm o re ,  
t h e  f i l e  sy s tem  f u n c t i o n s  do n o t  a c t  on a l l  d a t a  ty p e s  w hich b re a k s  t h e
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p r i n c i p l e  of d a t a  ty p e  c o m p le te n e s s .  This  i s  a s t r o n g  i n d i c a t i o n  t h a t  more 
work i s  r e q u i r e d  on t h i s  p ro b le m .
The C o n c re te  Syn tax
The f i n a l  s t a g e  o f  l a n g u a g e  d e s ig n  i s  t o  p ro p o se  a c o n c re te  
s y n t a x . I d e a l l y  d i f f e r e n t  g roups o f  w orkers  cou ld  have  a  d i f f e r e n t  s y n ta x .  
However, t h e r e  a r e  many u s e r s  who do n o t  wish t o  d e s ig n  t h e i r  own s y n ta x  
and so t h e  lan g u a g e  must p r o v id e  a t  l e a s t  one p o s s i b i l i t y .
I t  seems v e r y  o b v ious  t o  s a y  t h a t  t h e  s y n ta x  s h o u ld  be  s im p le  and 
e a s y  to  l e a r n .  That may be  so  b u t  t h e r e  i s  no doub t  t h a t  some o f  t h e
s u c c e s s  o f  t h e  lan g u a g e  depends on th e  c o s m e t ic s .  A lso ,  a c a r e f u l l y  chosen  
sy n ta x  can e a s e  t h e  p rob lem  o f  c o m p i la t io n .  W irth  [2] has t h i s  t o  s a y .
"Adhere t o  a  s y n t a c t i c  s t r u c t u r e  t h a t  can be a n a ly s e d  
by a s im p le  t e c h n i q u e  such  a s  r e c u r s i v e  d e s c e n t  w i th  
one symbol lo o k - a h e a d .  T h is  n o t  o n ly  a id s  t h e
c o m p i le r ,  b u t  a l s o  th e  program m er, and i s  v i t a l  f o r  
th e  s u c c e s s f u l  d i a g n o s i s  o f  e r r o r s . "
The d e s ig n  o f  t h e  s y n ta x  i s  a l s o  a b a la n c e  be tw een  b r e v i t y  and 
c l a r i t y .  An example o f  t h i s  d e s ig n  t e n s i o n  i s  i l l u s t r a t e d  by  th e  d i f f e r e n t  
r u l e s  f o r  i n t r o d u c in g  names i n  S - a l g o l .
When an  o b j e c t  i s  d e c l a r e d ,  i t s  name, i t s  v a l u e ,  i t s  ty p e  and
w h e th e r  i t  i s  a  c o n s ta n t  or  v a r i a b l e  i s  r e q u i r e d  by  th e  c o m p i le r .  The
prob lem  i s  how c o n c i s e  can t h i s  be made w i th o u t  b e in g  o b s c u re .  For 
d e c l a r a t i o n s  S - a lg o l  h a s
l e t  I  := E
w here  I  i s  t h e  i d e n t i f i e r  and E i s  any v a l i d  e x p r e s s io n .
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e . g .
l e t  a  := 2
t e l l s  t h e  co m p ile r  t h a t  a  v a r i a b l e ,  a ,  o f  ty p e  i n t  and i n i t i a l  v a lu e  2 has  
b e e n  in t r o d u c e d .  The c o m p i le r  does n o t  need  to  be  t o l d  th e  t y p e ,  i t  can 
deduce  i t  f rom  t h e  d e c l a r a t i o n  e n a b l i n g  i t  t o  be b r i e f .  F o r  c o n s t a n t s  = i s  
u sed  i n s t e a d  o f  ;= .
e . g .
l e t  a = 13 .2  * 2 .15
i n t r o d u c e s  a  r e a l  c o n s t a n t .
I t  i s  p o s s i b l e  f o r  t h e  c o m p i le r  t o  deduce t h e  ty p e s  of a l l  t h e  
d a t a  o b j e c t s  w i th o u t  t h e  program  e v e r  h a v in g  t o  e x p l i c i t l y  m en tion  them . 
But i s  i t  w ise?
Take f o r  example a  p ro c e d u re  h e a d in g .  The c o n p i l e r  can deduce
from  th e  c a l l s  o f  t h e  p r o c e d u r e ,  t h e  p a ra m e te r  ty p e s  and w h e th e r  th e y  a r e  
c o n s i s t e n t .  However, i t  canno t  deduce w he ther  t h e  fo rm a l  p a ra m e te r  i s  
c o n s t a n t  or  v a r i a b l e .  F u r th e rm o re ,  t h e  p ro c e d u re  sh o u ld  b e  u n d e r s t a n d a b le  
w i th o u t  r e f e r e n c e  t o  t h e  c a l l s .  T h e r e f o r e  i t  i s  s e n s i b l e  t o  f o r c e  t h e  u s e r  
t o  s p e c i f y  t h e  o b j e c t  t y p e  and  w h e th e r  o r  n o t  i t  i s  c o n s t a n t .  F i n a l l y ,  i f  
t h e  p ro ce d u re  r e t u r n s  a  v a lu e  i t  i s  a e s t h e t i c a l l y  p l e a s i n g  t o  have th e  
o b j e c t  ty p e  s p e c i f i e d  in  t h e  p ro c e d u re  h e a d in g .  I t  s h o u ld  b e  e m phas ised  
t h a t  t h i s  sh o u ld  n o t  be c o n fu s e d  w i th  t h e  p r i n c i p l e  o f  c o rre sp o n d e n c e  as  i t  
i s  m ere ly  f i t t i n g  a  c o n v e n ie n t  s y n ta x  a round  th e  s e m a n t ic  m odel.
The d e c l a r a t i o n s  i n  t h e  a l g o l s  i s  an a r e a  w hich  a lw ays  c a u se s
d i f f i c u l t y .  I n  S - a l g o l  t h e r e  i s  no g o to  c l a u s e  and t h e r e f o r e  t h e  programmer
c a n n o t  jump round  a d e c l a r a t i o n .  By i n s i s t i n g  t h a t  e v e r y t h in g  i s  d e c l a r e d  
b e f o r e  i t  i s  u se d  e x c e p t  i n  t h e  c a s e  o f  m u tu a l ly  r e c u r s i v e  p r o c e d u r e s ,  t h e
r u l e s  on th e  p o s i t i o n  o f  a  d e c l a r a t i o n  can be r e l a x e d .  I n  S - a l g o l ,
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d e c l a r a t i o n s  may be  f r e e l y  m ixed w i th  s t a t e m e n t s .  The sc o p e  o f  a  name i s  
from im m ed ia te ly  a f t e r  t h e  d e c l a r a t i o n  t o  t h e  end o f  t h e  s e q u e n c e .  This  
a l lo w s  names t o  be  i n t r o d u c e d  as  l o c a l l y  as p o s s i b l e .  Again i t  sh o u ld  be  
n o te d  t h a t  t h i s  i s  m e re ly  a  s y n t a c t i c  e x t e n s i o n .
The f u l l  la n g u a g e  d e s c r i p t i o n  i s  g iv en  i n  Appendix I  and a
s o l u t i o n  t o  W i r t h ' s  s t r i n g  p ro b le m  i s  now g iv en  a s  a  sam ple o f  th e  f l a v o u r
of  t h e  s y n ta x .  The p rob lem  i s  t o  w r i t e  an  i n t e r a c t i v e  p rogram  t o  r e a d  a 
s t r i n g  l e n g th  and t o  f i n d  a l l  t h e  s t r i n g s  o f  t h a t  l e n g th  o f  t h r e e  
c h a r a c t e r s  w i th  no a d j a c e n t  r e p e a t e d  s u b s t r i n g s .
l e t  s := ""  ; l e t  n ;= 0 ; l e t  n o t .d o n e  := t r u e
p ro c e d u re  a d d . a . l e t t e r  ; { s ;= s -H- "a"  ; n := n 4- 1 }
p ro c e d u re  a l t e r  
c a s e  s (  n |  1 ) of_
"a "  : s  := s (  l | n - l  ) 44- "b"
"b"  : s s (  1 1n-1 ) 4-4- " c "
d e f a u l t  : { n :== n -  1 ; n ~ 0 th e n  n o t .d o n e  := f a l s e
e l s e  a l t e r  }
p ro c e d u re  a c c e p t a b l e (  ->  boo l  ) 
b e g in
l e t  ok := t r u e  ; l e t  p := 1 
w h i l e  ok and p <= n d i v  2 do 
b e g in
o k : = s ( n - p 4 - l | p  ) s (  n -  2 * p + l | p  ) 
p p 4- 1
end
ok
end
Main Program
w r i t e  " I n p u t  s t r i n g  l e n g t h  " 
l e t  I n th  = r e a d i  ; l e t  coun t := 0 
w h i l e  n o t .d o n e  and n <= I n th  do 
b e g in
i f  n = I n th  th e n  a l t e r  e l s e  a d d . a . l e t t e r  
w h i l e  n o t .d o n e  and '" a c c e p ta b le  do a l t e r
n = I n t h  ^  < w r i t e  "An a c c e p t a b l e  s t r i n g  i s  " , s , " ' n "  
co u n t  := coun t  4- 1 }
end
w r i t e  " t o t a l  number o f  s t r i n g s  o f  l e n g th  " , I n th  : 3,
" i s  " ,  coun t  : 4 , " ' n "
?
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N o t ic e  t h a t  by h a v in g  l e x i c a l  r u l e s  t h a t  a l lo w  a s e m i-c o lo n  t o  be 
o m i t te d  i f  i t  c o in c id e s  w ith  a  n e w l in e ,  most o f  t h e  s e m i-c o lo n s  i n  t h e  
a l g o l s  can be  a v o id e d .
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A* Com piler C o n s t r u c t io n
W irth [2] has h i n t e d  t h a t  j u d i c i o u s  s e l e c t i o n  o f  t h e  c o n c r e te  
s y n ta x  of a programming la n g u a g e  w i l l  e a s e  t h e  d i f f i c u l t y  o f  c o m p i la t io n .  
The s y n ta x  o f  S - a l g o l  has  been c a r e f u l l y  chosen  i n  o r d e r  t h a t  i t  may be  
com piled  by t h e  t e c h n iq u e  o f  r e c u r s i v e  d e s c e n t .  I t  i s  n o t  p a r t  of t h i s  
work to  dev e lo p  th e  t h e o r y  o f  LL p a r s i n g ,  an e x c e l l e n t  a c c o u n t  o f  w hich i s  
g iv e n  by G r i f f i t h s  [4 0 ] ,  b u t  r a t h e r  t o  i n v e s t i g a t e  how e a s i l y  i t  can be  
im plem en ted . However, a s  background  a s h o r t  d i s c u s s io n  o f  r e c u r s i v e  d e s c e n t  
i s  now g iv e n .
A "A R e c u r s iv e  D escen t
T r a d i t i o n a l l y  c o m p i le r s  h av e  been c o n s t r u c t e d  a lo n g  th e  l i n e s  o f  
t h e  f i r s t  p o r t a b l e  c o m p i le r  BCPL [ 4 1 ] .  A lg o l  W [42] and W hets tone  A lg o l  60 
[43] a r e  a l s o  ex am p les .  The c o m p ile r  i s  c o n s t r u c te d  in  t h r e e  s t a g e s .
a .  l e x i c a l  a n a l y s i s
b .  s y n t a x  a n a l y s i s
c .  code  g e n e r a t i o n
The s t a g e s  may ru n  as  c o r o u t i n e s  b u t  more commonly a c t  as t h r e e  
s e p a r a t e  p a s s e s  on th e  s o u rc e  code . This  i s  shown d i a g r a m m a t i c a l ly  in  
f i g u r e  4 .1 .
Source  | | B a s ic  | | Syn tax  | | Code
I L e x i c a l  | [ S yn tax  | [ Code | — ■ >
Code I A n a ly s is  | Symbols \ A n a ly s is  j T ree  j G e n e ra t io n  j
I_ _ _ _ _ _ _ _ _ _ I J_ _ _ _ _ _ _ _ L J_ _ _ _ _ _ _ _ _ _ I
F ig u re  4 .1
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The l e x i c a l  a n a l y s i s  c o n v e r t s  t h e  so u rc e  code i n t o  b a s i c  symbols 
from  w hich  th e  s y n ta x  a n a ly s e r  w i l l  g e n e r a t e  a  s y n ta x  t r e e .  F i n a l l y ,  th e  
code g e n e r a to r  c o n v e r t s  t h e  s y n ta x  t r e e  t o  machine code .
The a d v a n ta g e  o f  a r e c u r s i v e  d e s c e n t  c o m p ile r  i s  t h a t  i t  
e l i m i n a t e s  t h e  need  f o r  an e x p l i c i t  s y n ta x  t r e e .  The " t r e e "  i s  c o n ta in e d  in  
t h e  r e c u r s i v e  e v a l u a t i o n  o f  t h e  co m p ile r  program  i t s e l f .  F o r  e v e ry  
s y n t a c t i c  c o n s t r u c t  t h e r e  i s  a  p ro c e d u re  i n  t h e  c o m p ile r  w hich  w i l l  a n a ly s e  
i t .  When a p ro c e d u re  t o  a n a ly s e  a p a r t i c u l a r  lan g u ag e  c o n s t r u c t  i s  c a l l e d ,  
t h e  d a ta  a re a  ( s t a c k  fram e ) i t  u se s  w i l l  i m p l i c i t l y  d e f i n e  t h e  b ra n c h  o f  
t h e  t r e e  t h a t  i s  o f  i n t e r e s t .  This  e l i m i n a t e s  t h e  code t o  s e t  up and 
i n t e r r o g a t e  t h e  s y n ta x  t r e e  and  t h e r e f o r e  makes t h e  c o m p i le r  s m a l l e r .  I t  
i s  a  s h o r t  s t e p  t o  do th e  same f o r  th e  l e x i c a l  a n a l y s i s  and make th e  
c o m p i le r  one p a s s .
T h i s , o f  c o u r s e ,  makes t h e  co m p ile r  f a s t e r  b u t  t h e  r e a l  
s i g n i f i c a n c e  i s  t h a t  i t  makes t h e  t o t a l  code  f o r  t h e  c o m p i le r  s m a l l e r  and 
e a s i e r  to  w r i t e .  This  r e s u l t s  i n  b e t t e r  w r i t t e n ,  more c o r r e c t ,  more 
p o r t a b l e  and e a s i e r  t o  u n d e r s t a n d  c o m p i le r s .
The s t r u c t u r i n g  t e c h n iq u e  f o r  such  a co m p ile r  was f i r s t  o u t l i n e d  
by Ammann [44] a l t h o u g h  h e  was n o t  t h e  f i r s t  t o  w r i t e  a  r e c u r s i v e  d e s c e n t  
c o m p i le r .  The co m p ile r  i s  r e f i n e d  in  l a y e r s  r a t h e r  th a n  a s  s e p a r a t e  p a s s e s .  
Each l a y e r  i s  added t o  th e  code r a t h e r  l i k e  a  c o a t  o f  p a i n t ,  u n t i l  t h e  
c o m p i le r  i s  c o m p le te .  Whereas t h e  g e n e r a l  method o f  c o n s t r u c t i o n  i s  
borrow ed from  Ammann, t h e  p a r t i c u l a r  method d i f f e r s  somewhat and i s  an 
e x t e n s i o n  o f  t h a t  d e v e lo p e d  by  T u rn e r  and M orr ison  [ 4 5 ,3 8 ] .  I n  p a r t i c u l a r ,  
t h e  chosen  l a y e r s  a re  d i f f e r e n t  and th e  co d in g  t e c h n iq u e  i s  e n t i r e l y  new. 
I n s t e a d  of  l o c a l l y  d e f i n i n g  t h e  co m p ile r  f u n c t i o n s ,  t h e y  a r e  d e f in e d  
g l o b a l l y  t o  a l lo w  any  o t h e r  f u n c t i o n  t o  a c c e s s  them . This  was done f o r  
c l a r i t y  and u n d e r s t a n d in g .  A lso  t h e  a b s t r a c t i o n s  u s e d  t o  code t h e  c o m p i le r .
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w hich i s  i t s  b ig  advance  a s  f a r  as  s o f tw a r e  e n g in e e r i n g  i s  c o n c e rn e d ,  owes 
n o th in g  t o  Ammann's w ork .
The l a y e r s  to  d e f in e  t h e  co m p ile r  a r e .
a .  W ri te  a  pu re  s y n ta x  a n a ly s e r
b .  W ri te  a  l e x i c a l  a n a ly s e r
c .  Add t h e  c o n te x t  f r e e  e r r o r  d i a g n o s i s  and r e c o v e r y
d .  Add t h e  t y p e  c h e c k in g  and ty p e  h a n d le r
e .  Add th e  e n v iro n m en t  h a n d le r  and sco p e  c h eck e r
f .  Add th e  c o n te x t  s e n s i t i v e  e r r o r  r e p o r t i n g
g . Add t h e  d a ta  a d d re s s  c a l c u l a t i o n
h .  W ri te  t h e  code g e n e r a t i o n
The t e c h n iq u e  i s  now d e s c r i b e d  b y  u s in g  th e  A f  c l a u s e  as  an 
i l l u s t r a t i o n .
The BNF of  th e  i f  c l a u s e  i s
i f  < c l a u s e  > th e n  < c l a u s e  > e l s e  < c l a u s e  >
w i t h  ty p e  r u l e
i f  { BOOL } th e n  { T } e l s e  { T } => { T ]
The co m p ile r  i s  w r i t t e n  i n  S - a lg o l  i t s e l f  and t h a t  w i l l  b e  u sed  
i n  t h e  d e s c r i p t i o n  o f  t h e  l a y e r i n g .
S yntax  A n a ly s is
R e c u r s iv e  d e s c e n t  c o m p il in g  c o n s t r i c t s  t h e  s y n ta x  t o  b e in g  LL.
Where i t  i s  n o t  LL( 1 ) , t h e  p a r s e r  may c h e a t  and lo o k  a h e a d .  However, i t
i s  g e n e r a l l y  a  good id e a  t o  keep as c lo s e  t o  LL( 1 ) a s  p o s s i b l e .  Some
sys tem s  [58] have  been d e v e lo p e d  t o  h e lp  mould a  grammar i n t o  LL( 1 ) .
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The t e c h n iq u e  o f  c o m p i la t io n  works by d e f i n i n g  a p ro c e d u re  f o r  
each  non t e r m in a l  i n  t h e  s y n ta x .  This  p ro c e d u re  w i l l  p r o c e s s  t h e  non 
t e r m in a l  by  c a l l i n g  p r o c e d u r e s  r e c u r s i v e l y  to  h a n d le  t h e  o t h e r  non 
t e r m in a l s  i n  i t s  d e f i n i t i o n  and  by  p a r s i n g  t e r m in a l  sym bo ls .  The s y n ta x
a n a l y s i s  i s  t h e r e f o r e  pe rfo rm ed  as t h e  r e c u r s i o n  i s  c r e a t e d  w i th  t h e
i m p l i c i t  t r e e  i n  t h e  s t a c k  o f  t h e  c a l l e d  p r o c e d u r e s .
A lthough  t h e  l e x i c a l  a n a ly s e r  i s  n o t  y e t  w r i t t e n ,  a  number o f
f u n c t i o n s  a r e  d e f in e d  in  o r d e r  t h a t  t h e  t e r m i n a l  symbols i n  t h e  s y n ta x  may
be  p a r s e d .  These  a r e
p ro c e d u re  h a v e (  s t r i n g  S -> b o o l  )
1 i f  S i s  t h e  symbol in  t h e  i n p u t  s t r e a m  th e n  advance
i t  and r e t u r n  t r u e .  O th e rw ise  do n o t  advance  t h e  i n p u t
s t r e a m  and  r e t u r n  f a l s e .
p ro c e d u re  must h e ( s t r i n g  S )
I i f  S i s  t h e  symbol i n  t h e  i n p u t  s t r e a m  th e n  advance
i t .  O th e rw ise  r e p o r t  an e r r o r .
p ro c e d u re  s y n ta x (  s t r i n g  S )
i w r i t e  a s y n ta x  e r r o r  r e p o r t .  S i s  t h e  r e q u i r e d  
sym bol.
p ro c e d u re  n e x t . s y
1 p l a c e  t h e  n e x t  b a s i c  symbol in  t h e  g l o b a l  s t r i n g
v a r i a b l e  symb.
These f u n c t i o n s  h av e  been c a r e f u l l y  chosen  as  t h e y  a r e  t h e  l e v e l  
of  a b s t r a c t i o n  a t  w hich  t h e  s y n ta x  a n a l y s e r  w i l l  v iew  th e  l e x i c a l  a n a l y s e r .  
I f  t h e s e  a r e  n o t  chosen  c a r e f u l l y ,  t h e  s t r u c t u r e  o f  t h e  co m p ile r  may be 
p r e s e r v e d  b u t  t h e  c od ing  c l a r i t y  w i l l  n o t .
To p a r s e  t h e  A f c l a u s e ,  a  p ro c e d u re  o f  a  s i m i l a r  name i s  c a l l e d .  
The s y n ta x  a n a l y s i s  w i l l  have  r e c o g n i s e d  th e  A^ symbol and th e  p ro c e d u re  
m ust p r o g re s s  from  t h e r e . I t  i s
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p ro c e d u re  i f . c l a u s e  
b e g in
n e x t . s y
c l a u s e
m ustbe(  " th e n "  ) 
c l a u s e
m u s tb e ( " e l s e "  ) 
c l a u s e
end
which fo l lo w s  th e  BNF
i f  < c l a u s e  > th e n  < c l a u s e  > e l s e  < c l a u s e  >
c l o s e l y .
There  a r e  o n ly  a few d e p a r t u r e s  from  th e  BNF, t h e  most n o t a b l e  
b e in g  th e  p a r s i n g  of  e x p r e s s i o n s .  I n  o r d e r  t h a t  t h e  r e c u r s i o n  does n o t  g e t  
t o o  d eep ,  t h e  e x p r e s s io n s  a r e  p a r s e d  b y  a m ix tu re  o f  r e c u r s i v e  d e s c e n t  f o r  
e x p r e s s io n s  o f  d i f f e r e n t  p re c e d e n c e  and o p e r a to r  p re c e d e n c e  ( l o o p in g  ) f o r  
e x p r e s s io n s  o f  t h e  same p r e c e d e n c e .  A lso  th e  a ss ig n m en t  c l a u s e  i s  p a r s e d  by
< e x p r e s s io n  > : : =  < c l a u s e  >
and th e  e x c e s s i v e  g e n e r o s i t y  c o r r e c t e d  l a t e r  by th e  ty p e  m a tc h e r .  This  
t e c h n iq u e  f o r  e x p r e s s io n s  i s  borrow ed from  th e  BCPL c o m p i le r  [4 1 ] .
The s t r u c t u r e  o f  t h e  c o m p i le r  i s  b a sed  on t h e  s y n ta x  a n a l y s i s .  By 
r e f i n i n g  t h e  s y n ta x  p r o c e d u r e s  u s in g  th e  a b s t r a c t i o n s  of each  s t a g e ,  t h e  
v a r i o u s  f u n c t i o n s  a r e  added  t o  t h e  c o m p i le r .  Of c o u r s e ,  a t  any  s t a g e  t h e  
c o m p i le r  can be ru n  a s  a  program  and th e  im p lem en to r  may f e e l  t h a t  t h i s  i s  
u s e f u l  f o r  such  a l a r g e  p rogram . B e fo re  t h e  d i s c u s s io n  t u r n s  t o  r e f i n e m e n t ,  
t h e  l e x i c a l  a n a l y s i s  w hich h a s  a l r e a d y  been  u sed  i s  d e s c r i b e d .
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A*J. L e x i c a l  A n a ly s is
The l e x i c a l  a n a ly s e r  i s  one o f  t h e  m achine dep en d en t  s e c t i o n s  of 
t h e  c o m p i le r .  I t  need  n o t  be w r i t t e n  a t  t h i s  s t a g e  b u t  s i n c e  i t  h a s  a l r e a d y  
b e e n  used  i n  t h e  a b s t r a c t  p e rh a p s  i t  i s  b e t t e r  o u t  of t h e  way.
The l e x i c a l  a n a ly s e r  forms c h a r a c t e r s  in  t h e  i n p u t  s t r e a m  i n t o  
b a s i c  symbols i n  t h e  la n g u a g e .  That i s ,  i t  must r e c o g n i s e  nam es, r e s e r v e d
w ords , l i t e r a l s  o f  t y p e  i n t ,  r e a l ,  b o o l  and s t r i n g  w i th  a l l  t h e i r  l e x i c a l
c o n v e n t io n s ,  sym bols su c h  as  and a l l  s i n g l e  c h a r a c t e r  sym bols .  A lso  i t  
m ust e l i d e  t a b s ,  s p a c e s ,  comments and c o n ^ i l e r  d i r e c t i v e s  as  w e l l  as  
o r g a n i s in g  th e  p r i n t i n g  o f  t h e  program .
S ince  i t  i s  t h e  aim  of  a  one p ass  c o n ç i i le r  to  remove th e  
i n t e r m e d i a t e  forms from  t h e  c o m p i le r ,  a b a s i c  symbol i s  r e p r e s e n t e d  by  th e  
s t r i n g  i t s e l f .  The v a r i a b l e  symb i s  u se d  t o  ho ld  t h e  c u r r e n t  sym bol. I f  t h e
b a s i c  symbol i s  an i d e n t i f i e r  o r  a  l i t e r a l ,  symb has  t h e  v a lu e  " i d e n t i f i e r "
o r  " l i t e r a l "  r e s p e c t i v e l y ,  w i th  t h e  a c t u a l  v a lu e  i n  t h e  v a r i a b l e  th e .n a m e  
o r  t h e . l i t e r a l  d e p e n d in g  on th e  t y p e .  One c o n c e s s io n  t o  e f f i c i e n c y  i s  t h a t  
f o r  e v e ry  r e s e r v e d  word and some o t h e r  symbols t h e r e  i s  o n ly  one copy o f  
t h e  s t r i n g  and a  s t r i n g  c o n s ta n t  w i th  t h a t  v a l u e .  Thus t h e  c o m p i le r  has  
d e f in e d  f o r  t h e  e l s e  symbol
l e t  e l s e . s y  = " e l s e "
and e l s e . s y  i s  u se d  i n s t e a d  o f  " e l s e "  t o  sa v e  s p a c e .
The l e x i c a l  a n a l y s i s  i s  v iew ed  from  th e  r e s t  o f  t h e  co m p ile r
th ro u g h  th e  p ro c e d u r e s  have  and n e x t . s y .  N e x t . s y  p r o c e s s e s  t h e  i n p u t  s t r e a m  
and forms a b a s i c  symbol w h ich  i t  p l a c e s  i n  symb. Have, p l a c e s  t h e  n e x t
sym bol in  symb i f  t h e  p r e s e n t  one i s  e q u a l  to  t h e  p a ra m e te r  and r e t u r n s  t h e
v a lu e  t r u e . O th e rw ise  i t  m e re ly  r e t u r n s  t h e  v a lu e  f a l s e .
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A * A  S yn tax  E r ro r  D ia g n o s is  and R ecovery
T his  t e c h n iq u e  i s  b a s e d  on one i n v e n te d  by  T u rn e r  [ 4 7 ] .  He p o i n t s  
o u t  t h a t  t h e  d i a g n o s i s  o f ,  and th e  r e c o v e r y  from , c o n te x t  f r e e  e r r o r s  can 
b e  a c h ie v e d  a t  v e r y  low c o s t .  The s t r a t e g y  i s  t h a t  when no a l t e r n a t i v e  
symbol in  t h e  i n p u t  s t r e a m  w i l l  do f o r  c o r r e c t  s y n ta x  a n a l y s i s ,  t h e  
c o m p i le r  can d e t e c t  any e r r o r s .  The p ro c e d u re  m ustbe i s  u s e d  t o  d e t e c t  t h a t  
t h e  r e q u i r e d  symbol i s  t h e  same a s  t h e  one i n  t h e  i n p u t  s t r e a m .  I f  t h e  
symbols a re  t h e  same, t h e  n e x t  symbol i s  p l a c e d  in  symb f o r  p a r s i n g .
When an e r r o r  i s  d e t e c t e d  a s u i t a b l e  m essage i s  p r i n t e d  by  th e  
p r o c e d u r e  s y n ta x .  R ecovery  from  an e r r o r  i s  p e r fo rm e d  b y  a l lo w in g  th e  
c o m p i le r  to  c o n t in u e  t h i n k i n g  t h a t  t h e  symbol was c o r r e c t .  When m ustbe i s  
c a l l e d  a g a in  and  a m atch  i s  made, r e c o v e r y  i s  c o m p le te .  No f u r t h e r  e r r o r  
m essages  f o r  c o n te x t  f r e e  e r r o r s  a r e  p r i n t e d  in  b e tw een . I f  a m atch i s  n o t  
made on th e  second  c a l l  o f  m ustbe  t h e  i n p u t  s t r e a m  i s  sc a n n e d  u n t i l  i t  i s  
f o u n d .
The method i s  v e r y  low c o s t  and w i l l  c a t c h  and r e c o v e r  from  a l l  
f i r s t  o r d e r  e r r o r s .  E .g .  a  m is s in g  b r a c k e t .  T urner  p o i n t s  o u t  t h a t  t h e  
a d v a n ta g e  o f  t h e  scheme i s  t h a t  i t  can be  tu n e d  w h erever  n e c e s s a r y  and can 
b e  made more s o p h i s t i c a t e d  d ep e n d in g  on th e  s y n ta x  i n  u s e .
The p rob lem  w i th  e r r o r  r e c o v e r y  i s  t h a t  an i n c o r r e c t  p rogram  i s  
b e in g  a l t e r e d  t o  what t h e  c o m p ile r  t h in k s  i s  t h e  n e a r e s t  c o r r e c t  one i n  
o r d e r  to  d e t e c t  f u r t h e r  e r r o r s .  B e fo re  em bark ing  on a  c o n ç le x  e r r o r  
r e c o v e ry  scheme, su c h  as P a s c a l  employs or a s  o u t l i n e d  by  Backhouse [4 6 ] ,  J
t h e  d e s ig n e r  has  t o  be  co n v in c e d  t h a t  i t  i s  w o r th w h i le  and t h a t  t h e  i
s t r a t e g y  can be e x p la i n e d  t o  t h e  u s e r .  I
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A*A Type Checking
Superim posed , a s  a  r e f i n e m e n t ,  on t h e  s y n ta x  a n a l y s i s  a r e  t h e  
ty p e  ch eck in g  a b s t r a c t i o n s .  The b a s i c  ty p e s  a re  d i s c u s s e d  in  C hap te r  3 b u t  
m ust be e x ten d ed  t o  a l lo w  f o r  co m p le te  ty p e  c h e c k in g .  Type v o id  i s  t h e  
ty p e  of a  c l a u s e  w i th  no v a lu e  i . e .  a  s t a t e m e n t ,  and t h e r e  a r e  a l s o  names 
o f  ty p e  p r o c e d u r e ,  s t r u c t u r e  c l a s s  and s t r u c t u r e  f i e l d  i n  t h e  la n g u a g e .
For good e r r o r  r e p o r t s ,  t h e  ty p e s  a r e  r e p r e s e n t e d  in  t h e  co n q ii le r  
by s t r u c t u r e s .  Each s c a l a r  ty p e  has  a  s t r u c t u r e  whose f i e l d  i s  th e  s t r i n g  
name of t h e  t y p e .
e . g .  The ty p e  i n t  i s  r e p r e s e n t e d  by
l e t  i n t . s y  = " i n t "
l e t  INT = s c a l a r ( i n t . s y  )
E very  t im e  ty p e  i n t  i s  u s e d ,  i t  i s  r e p r e s e n t e d  by  th e  c o n s ta n t  
INT f o r  r e a d a b i l i t y  , e f f i c i e n c y  and good e r r o r  r e p o r t i n g .
Each p ro c e d u re  i n  t h e  s y n ta x  a n a l y s i s  now becomes a f u n c t i o n  
which r e t u r n s  t h e  t y p e  o f  t h e  o b j e c t  c o m p iled .  I n  t h e  same manner t h a t  t h e  
s y n ta x  a n a l y s i s  i s  p e r fo rm e d  , a s  t h e  r e c u r s i o n  p r o g r e s s e s ,  t h e  ty p e  
c h e ck in g  i s  done on t h e  r e t u r n  j o u r n e y .  T h e r e f o r e ,  e a ch  p ro c e d u re  must 
check  th e  ty p e  o f  e v e ry  s y n t a c t i c  e lem en t  i t  c auses  t o  be  p a r s e d  a t  a lower 
l e v e l .
The a b s t r a c t  fo rm  o f  t h e  t y p e  checker  w hich i s  u s e d  by  th e  s y n ta x  
a n a l y s i s  p ro c e d u re s  t a k e s  t h e  form  o f  two p ro c e d u re s  c a l l e d  m atch and e q .  
Match compares t h e  two s t r u c t u r e s  i t  i s  g iv en  w hich r e p r e s e n t  ty p e s  and 
i s s u e s  an e r r o r  m essage  i f  t h e y  a r e  n o t  c o m p a t ib le .  The p ro c e d u re  eq  
p e rfo rm s  th e  com parison  on th e  two ty p e s  and r e t u r n s  a  b o o le a n  r e s u l t .  
S in c e  t h e r e  a r e  an  i n f i n i t e  number o f  ty p e s  i n  t h e  la n g u a g e  t h e  p ro c e d u re  
m ust be r e c u r s i v e .  The ty p e s  o f  non s c a l a r  ty p e s  a r e  r e p r e s e n t e d  by
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b u i l d i n g  up l a y e r s  o f  s t r u c t u r e s  t o  i d e n t i f y  th e  compound o b j e c t .  This 
r e c u r s i v e  d a t a  s t r u c t u r e  may be a n a ly s e d  by  e q .
The AA c l a u s e  has  t h e  t y p e  r u l e
A f < BOOL } th e n  < T > e l s e  { T } => < T >
The code t h e r e f o r e  becomes
p ro c e d u re  i f  . c l a u s e (  -> p n t r  ) 
b e g in
n e x t . s y
m atch( BOOL,clause ) 
m u stb e (  t h e n . s y ) 
l e t  t  == c l a u s e  
m u s tb e ( e l s e . s y  ) 
m atch(  t , c l a u s e  ) 
t
end
N o t ic e  t h a t  i f  t  i s  v o i d ,  t h e  Af, s t a t e m e n t  h a s  been com piled  
o t h e r w i s e  t h e  A f  e x p r e s s io n .
The c o n te x t  s e n s i t i v e  e r r o r s  t h a t  o c c u r  a t  t h i s  t im e  a r e  found  
and r e p o r t e d  by th e  p ro c e d u re  m a tc h .  When two ty p e s  do n o t  m atch  an e r r o r  
m essage i s  p r i n t e d  and c a re  has  t o  be t a k e n  t o  a v o id  a p l e t h o r a  o f  m essages  
t h e r e a f t e r .  Type ANY i s  u se d  by  th e  conç>iler f o r  c a s e s  where t h e  t y p e  i s  
n o t  known and th e  ty p e  c h e ck e r  w i l l  match ANY w i th  an y  o t h e r  ty p e s  i n  
s u b s e q u e n t  a t t e m p ts  a t  m a tc h in g .
I t  i s  a l s o  c o n v e n ie n t  t o  p e rfo rm  th e  c h e c k in g  f o r  c o n s ta n c y  a t
t h e  same t im e  as  t h e  t y p e  c h e c k in g .  By making a sm a l l  change  t o  th e
-il a n g u a g e ,  t h a t  o f  v e c t o r s  w i th  c o n s ta n t  e lem en ts  and v e c t o r s  w i th  v a r i a b l e  i|
e le m e n ts  b e in g  a s s ig n m e n t  i n c o m p a t ib le ,  t h e  c h e ck in g  f o r  c o n s ta n c y  can be j
■Îpe rfo rm ed  a t  com pile  t im e .  The c o n ^ i l e r  must check  f o r  c o n s ta n c y  on |Ia s s ig n m e n t .  j
F i n a l l y ,  t h e  ty p e  c h e c k in g  must h a n d le  c o e r c io n s  f rom  ty p e  i n t  t o  |
t y p e  r e a l  where n e c e s s a r y .  This  w i l l  c o m p l ic a te  t h e  code f o r  t h e  A f  c l a u s e  |jwhen t h e  code g e n e r a t i o n  i s  a d d ed .  I
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Scope Checking  and E nvironm ent H a nd ling
Each l e v e l  o f  s c o p e  o f  t h e  program  b e in g  conç>iled i s  r e p r e s e n t e d
i n  t h e  co m p ile r  by a b i n a r y  t r e e .  Each e lem en t  on th e  t r e e  r e p r e s e n t s  a
u s e r  d e f in e d  name. For e a c h  name t h e  f o l lo w in g  in f o r m a t io n  i s  e v e n t u a l l y  
r e q u i r e d
a .  The name i t s e l f
b .  The o b j e c t ' s  a d d re s s  p a i r
c .  The ty p e  and  c o n s ta n c y  a t t r i b u t e
d . A p o i n t e r  t o  th e  l e f t  and r i g h t  n e ig h b o u rs
The l e v e l s  o f  s c o p e  a r e  c h a in e d  t o g e t h e r  i n  a  l in k e d  l i s t .  
E n te r in g  a new l e v e l  o f  s c o p e  m ere ly  adds a l i n k  to  th e  l i s t  and l e a v i n g  a 
l e v e l  g e t s  r i d  o f  t h e  c u r r e n t  t r e e  a s  i t  i s  no lo n g e r  r e q u i r e d .
The a b s t r a c t i o n s  u s e d  a t  t h i s  l e v e l  a re  im plem ented  by  th e  
f u n c t i o n s  d e c l a r e  and lo o k u p .  The p ro c e d u re  d e c l a r e  t a k e s  a name and i t s  
ty p e  and e n t e r s  i t  i n  t h e  t r e e .  The f u n c t i o n  lookup w i l l  ch e ck  t h a t  a name 
i s  i n  s c o p e  and i f  i t  i s  i t  w i l l  r e t u r n  i t s  ty p e .  C o n te x t  s e n s i t i v e  e r r o r s  
may be  d e t e c t e d  h e re  and e r r o r  r e p o r t s  may have t o  be  i s s u e d .
For good e r r o r  r e p o r t i n g  some names may have t o  be  checked  f o r
d u p l i c a t i o n  b e fo r e  t h e y  a re  d e c l a r e d .  F o r  example t h e  s im p le  d e c l a r a t i o n
l e t  I  := E
The name I  does n o t  come i n t o  scope  u n t i l  a f t e r  t h e  d e c l a r a t i o n .  
Also th e  ty p e  i s  n o t  known u n t i l  t h e  e x p r e s s io n  E i s  c o m p ile d .  However, t o  
o b t a i n  a  good and e a r l y  e r r o r  r e p o r t  th e  name must be checked  f o r  
d u p l i c a t i o n  on f i n d i n g  t h e  := sym bol. The f u n c t i o n  check .nam e i s  u se d  f o r  
t h i s  p u rp o s e .
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Data Address C a l c u l a t i o n
A d e c i s i o n  a b o u t  t h e  a b s t r a c t  machine has  now to  be t a k e n .  The
te c h n iq u e  o f  r e c u r s i v e  d e s c e n t  l e n d s  i t s e l f  t o  g e n e r a t i n g  code f o r  a 
r e v e r s e  p o l i s h  machine such  a s  th e  b e ta  machine d e s c r ib e d  by R a n d e l l  and 
R u s s e l l  [ 4 3 ] .
Each d a ta  i te m  on th e  s t a c k  i s  r e p r e s e n t e d  by an a d d re s s  p a i r .  
The a b s t r a c t  m achine i s  d e s c r i b e d  i n  t h e  n e x t  c h a p te r  and i t  i s  s u f f i c i e n t  
h e r e  t o  m en tion  t h a t  t h e  a d d re s s  p a i r  c o n s i s t s  o f  th e  l e x i c o g r a p h i c  l e v e l  
of t h e  i te m  and i t s  o f f s e t  from  th e  l e v e l  b a s e .  When a s t a c k  i te m  i s  
d e c l a r e d  t h i s  a d d re s s  p a i r  i s  c a l c u l a t e d .
I tem s su c h  a s  s t r u c t u r e  c l a s s e s  a l s o  have  an  a d d r e s s . The 
s t r u c t u r e  c l a s s  h a s  an a d d re s s  c a l l e d  a t r a d e m a rk  w hich  i s  an in d e x  i n t o
t h e  s t r u c t u r e  t a b l e .  The s t r u c t u r e  t a b l e  has  one e n t r y  f o r  e a c h  s t r u c t u r e  
c l a s s  w hich c o n ta i n s  i n f o r m a t io n  on t h e  l a y o u t  o f  th e  s t r u c t u r e  f i e l d s .  
Thus th e  t ra d e m a rk  u n iq u e ly  i d e n t i f i e s  t h e  s t r u c t u r e  c l a s s . The t ra d e m a rk  
i s  k e p t  on th e  s t a c k  and th e  a d d r e s s  o f  t h e  s t r u c t u r e  c l a s s  i s  t h e  a d d re s s  
of t h e  t ra d e m a rk .  F i e l d s  on th e  o t h e r  hand r e q u i r e  bo th  t h e  s t r u c t u r e  c l a s s  
a d d r e s s  and th e  o f f s e t  o f  t h e  f i e l d  from  th e  ba se  o f  t h e  s t r u c t u r e .  The
s t r u c t u r e  t a b l e  w hich  d e s c r i b e s  t h e  s t r u c t u r e  c l a s s e s  i s  o u tp u t  by th e
c o m p i le r  a t  t h e  end o f  t h e  c o m p i la t io n .
Care must be t a k e n  d u r in g  th e  a d d re s s  c a l c u l a t i o n  t h a t  t h e  
d i f f e r e n c e  betw een c om pile  t im e  and  ru n  t im e  i s  n o t  c o n fu s e d .  An example o f  
t h i s  i s  g iv e n  in  s e c t i o n  4 .8
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A*A Code G e n e ra t io n
The f i n a l  l a y e r  o f  r e f in e m e n t  i n  t h e  developm ent o f  t h e  c o n ^ i l e r  
i s  t h a t  of code g e n e r a t i o n .  The c o n p i l e r  p roduces  code f o r  t h e  S - a lg o l  
s t a c k  m achine w hich  i s  d e s c r i b e d  i n  C hap te r  5 w i th  t h e  code f o r  e ach  
s y n t a c t i c  c o n s t r u c t  d e s c r i b e d  in  Appendix IV. The code g e n e r a t i o n  i s  
w r i t t e n  in  such  a manner t h a t  code f o r  any  machine cou ld  be  p ro d u ce d .  For 
each  a b s t r a c t  m achine i n s t r u c t i o n  a p ro c e d u re  i s  d e f in e d  t o  s im u la t e  t h e  
e x e c u t io n  o f  t h e  i n s t r u c t i o n  and  t o  g e n e r a te  code f o r  i t .
The s im u la te d  e v a l u a t i o n  o f  t h e  code i s  n e c e s s a r y  to  keep t r a c k  
of such t h in g s  as  t h e  s t a c k  p o i n t e r .  S ince  d e c l a r a t i o n s  can o c c u r  mixed 
w i t h  c l a u s e s  i t  i s  im p o r ta n t  t o  remember t h e  s t a c k  p o s i t i o n  o f  t h e  
d e c l a r a t i o n .  D u r in g  t h e  g e n e r a t i o n  o f  t h e  code i t  i s  a l s o  n e c e s s a r y  t o  keep 
t r a c k  o f  t h e  code a d d r e s s e s  f o r  ju m p s . This  r e q u i r e s  s l i g h t  m o d i f i c a t i o n  
depend ing  on t h e  t a r g e t  m ach ine .  The method u sed  in  t h e  S -code  machine i s  
now d e s c r i b e d .
When code i s  g e n e r a t e d  i t  i s  h e ld  in  a  l a r g e  v e c to r  i n  t h e  
c o m p i le r  u n t i l  t h e  segment b e in g  conç)iled  i s  c o m p le te .  At t h i s  p o i n t ,  s in c e  
t h e r e  a re  no g o t o ' s  i n  t h e  la n g u a g e ,  a l l  th e  jumps w i l l  b e  r e s o l v e d  
r e l a t i v e  t o  th e  segment b a s e .  The segm ent i s  th e n  w r i t t e n  o u t  and r e p l a c e d  
by i t s  c l o s u r e ,  s e e  l a t e r ,  on t h e  s t a c k .  The a d d re s s  o f  t h e  segment i s  
r e l a t i v e  t o  t h e  program  b a s e .  I n s i d e  t h e  segment t h e  jumps a r e  o n ly  
g e n e ra te d  by  h ig h  l e v e l  c o n s t r u c t s .  This  means t h a t  fo rw a rd  and backward 
r e f e r e n c e s  may be e a s i l y  i d e n t i f i e d .  F o r  backward r e f e r e n c e s  , t h e  p o s i t i o n  
o f  t h e  r e f e r e n c e  i s  remembered in  t h e  p ro c e d u re  c o m p i l in g  th e  s y n t a c t i c  
c o n s t r u c t  and i s  m ere ly  g e n e r a te d  w i th  t h e  jump. Forward r e f e r e n c e s  a r e  
m ore d i f f i c u l t  and r e q u i r e  a backward l i n k e d  l i s t  t o  t h e  r e f e r e n c e  t o  be 
s e t  up in  t h e  code whenever i t  i s  u s e d .  This  l i s t  o f  r e f e r e n c e s  i s  r e s o lv e d  
when t h e  p o i n t  of th e  r e f e r e n c e  i s  r e a c h e d .  The t e c h n iq u e  a v o id s  t h e
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c o m p l ic a t io n  o f  l a b e l  t a b l e s  e t c .
To i s o l a t e  t h e  code g e n e r a t i o n  a s  f a r  as  p o s s i b l e ,  t h e  work i s  
done i n s i d e  t h e  code g e n e r a t i o n  p ro c e d u re s  w ith  c a l l s  from  t h e  s y n t a c t i c  
a n a l y s i s .  The code g e n e r a te d  by  th e  co n ç î i le r  f o r  t h e  c l a u s e  i s
i f  EO th e n  E l e l s e  E2 => EO jumpf (1) El jump(m) s e t l a b ( l )  E2 s e t l a b (m )
The ^  c l a u s e  now becomes
p ro c e d u re  i f . c l a u s e (  -> p n t r  ) 
b e g in
n e x t . s y
m atch( BOOL,clause )
l e t  1 -  jumpf ( newlab )
m ustbe (  t h e n . s y  )
l e t  t  = c l a u s e
d e c . s t a c k (  t  )
l e t  m = fjum p( newlab )
m ustbe (  e l s e . s y  )
s e t l a b (  1 )
m atch(  t , c l a u s e  )
s e t l a b (  m )
t
end
P ro c ed u re  jumpf s im u l a t e s  t h e  e x e c u t io n  o f  t h e  a b s t r a c t  m achine 
i n s t r u c t i o n  jump i f  f a l s e .  I t  a l s o  removes t h e  b o o lea n  from  th e  to p  o f  t h e  
s t a c k .  The jump i s  a lw ays fo rw a rd  so  th e  p a ra m e te r  i s  t h e  c h a in  so  f a r ,  in  
t h i s  c a s e  a  new l a b e l ,  and t h e  r e s u l t  i s  t h e  p o s i t i o n  i n  t h e  code o f  t h i s  
r e f e r e n c e .  T h is  w i l l  b e  r e s o l v e d  by  th e  p ro ce d u re  s e t l a b  j u s t  a f t e r  t h e  
e l s e  symbol h a s  been  p a r s e d .  A s i m i l a r  s i t u a t i o n  o c c u rs  w i th  t h e  l a b e l  m 
e x c e p t  t h a t  t h e  jump i s  u n c o n d i t i o n a l  and th e  s t a c k  i s  n o t  in v o lv e d .  An 
exam ple between dynamic e v a l u a t i o n  and  s t a t i c  a n a l y s i s  can be o b se rv e d  
h e r e .  A f te r  t h e  th e n  symbol has  been  p a r s e d ,  th e  r e s u l t  o f  t h e  c l a u s e  must 
b e  removed from  t h e  s t a c k  d u r in g  s t a t i c  a n a l y s i s .  This  i s  p e rfo rm e d  by  th e  
p r o c e d u r e  d e c . s t a c k .  Of c o u r s e ,  d e c . s t a c k  does n o t  g e n e r a t e  any  code a s  
o n ly  one o f  t h e  two p a th s  w i l l  b e  fo l lo w e d  d y n a m ic a l ly .
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A*^ C o n c lu s io n
The t e c h n iq u e  o f  c o m p i l in g  by r e c u r s i v e  d e s c e n t  and b u i l d i n g  th e  
c o m p i le r  by s t e p w is e  r e f in e m e n t  was s u c c e s s f u l .  I t  r e s u l t e d  in  a  f a s t ,  
s m a l l  and e a sy  t o  u n d e r s t a n d  c o m p i le r .  This  i s  bo rne  o u t  by th e  code t o  
com p ile  t h e  w h i le  c l a u s e
BNF
and ty p e  r u l e
w h i le  < c l a u s e  > do < c l a u s e  >
w h i l e  { BOOL > do < VOID } => < VOID }
and code
w h i l e  EO ^  El => EO s e t l a b ( l )  jumpf(m) El ju m p ( l)  s e t l a b (m )
g iv e s
p ro c e d u re  w h i l e . c l a u s e (  ~> p n t r  ) 
b e g in
n e x t . s y  
l e t  1 = cp
m atch( V O ID ,c lause  ) 
l e t  m = ju m p f ( new lab  ) 
m u s tb e ( d o . s y  ) 
mat ch ( VOID, c l a u s  e ) 
bjumpC 1 ) 
s e t l a b (  m )
VOID
end
With t h e  exam ple o f  t h e  ^  c l a u s e  a s  t h e  o n ly  p re v io u s  
e x p la n a t i o n  o f  t h e  c o m p ile r  t e c h n iq u e s  , i t  i s  e a sy  to  u n d e r s t a n d  and have  
c o n f id e n c e  i n  t h e  c o r r e c t n e s s  o f  t h e  code f o r  t h e  w h i l e  c l a u s e .  The t o t a l  
c o m p i le r  i s  a b o u t  1500 l i n e s  o f  S - a l g o l  l a i d  o u t  r a t h e r  l i k e  t h e s e  
exam ples .  This  compares v e r y  f a v o u r a b ly  w i th  most o th e r  c o m p i le r s .
The s t r u c t u r i n g  and r e f in e m e n t  o f  t h e  c o m p ile r  i s  n o t  q u i t e  a s
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smooth a s  Ammann s u g g e s t s .  I n  p a r t i c u l a r  t h e  d e s ig n  o f  c e r t a i n  l a y e r s  have  
to  be done i n  c o n ju n c t io n .  For exam p le ,  i t  i s  unw ise  t o  p ro c e e d  w i th  t h e  
s y n ta x  a n a l y s i s  w i th o u t  d e s ig n in g  th e  a b s t r a c t  l e x i c a l  a n a l y s i s  and a 
s i m i l a r  s i t u a t i o n  o c c u rs  w i th  t h e  ty p e  m atch ing  and th e  env ironm en t 
h a n d l e r .  T h e r e f o r e ,  t h e  l a y e r s  a r e  n o t  as  s e p a r a t e  a s  may be d e s i r a b l e .
F u r th e rm o re ,  t h e  c h o ic e  o f  a b s t r a c t i o n s  a t  t h e  co d in g  l e v e l ,  o f  
which Ammann sa y s  n o th in g ,  c o n t r i b u t e s  more t o  t h e  c o n c is e n e s s  or v e r b o s i t y  
of t h e  c o m p ile r  th a n  does t h e  s t r u c t u r i n g .  I n  o t h e r  w o rd s ,  t h e  s u c c e s s f u l  
c o m p i le r  depends on t h e  c o r r e c t  l e v e l  o f  a b s t r a c t i o n  b e in g  i d e n t i f i e d  and 
r e f i n e d  by  t h e  im p lem en to r  and n o t  m e re ly  th e  f a c t  t h a t  t h e  t e c h n iq u e  i s  
r e c u r s i v e  d e s c e n t .  I t  j u s t  s o  happens t h a t  r e c u r s i v e  d e s c e n t  l e n d s  i t s e l f  
w e l l  t o  t h i s  ty p e  o f  t r e a t m e n t .
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_5. The S- a l g o l  A b s t r a c t  Machine
The a r c h i t e c t u r e  o f  any a b s t r a c t  m achine i s  d e te rm in e d  by  th e
power of t h e  lan g u a g e  i t  h a s  t o  s u p p o r t .  The r e c u r s i v e  n a t u r e  o f  t h e  b lo c k
s t r u c t u r e d  l a n g u a g e s ,  l i k e  t h e  a l g o l s ,  l e n d s  i t s e l f  t o  im p le m e n ta t io n  by a 
s t a c k  such  as  d e s c r i b e d  by Hauck and Dent [ 4 8 ] .  Most o f  t h e  im p le m e n ta t io n s  
of t h e  a l g o l s  a r e  b a sed  on v a r i a t i o n s  o f  t h e  b e t a  machine o f  R a n d e l l  and 
R u s s e l l  [ 4 3 ] .  However, i t  s h o u ld  be  n o te d  t h a t  t h e  b e t a  machine i s  n o t  
s u f f i c i e n t  t o  s u p p o r t  l a n g u a g e s  l i k e  A lg o l  W, P a s c a l ,  A lgo l 68 and S - a lg o l  
which a l th o u g h  p ré d o m in a n te ly  s t a c k  b a s e d ,  r e q u i r e  a  second  a r e a  o f  
d y n a m ic a l ly  a l l o c a t e d  s t o r e .  This  a r e a  i s  known a s  t h e  h e a p .  Many 
v a r i a t i o n s  o f  t h e  b e t a  m achine e x i s t  e . g .  P a s c a l  P -code  [49] and w h erever  
p o s s i b l e  t h e  S - a lg o l  machine has  drawn on t h e i r  e x p e r i e n c e .  The o v e r a l l  
d e s ig n  t e n e t  was t o  d e s ig n  a s im p le  m achine t o  s u p p o r t  t h e  s t a c k  and heap 
n a t u r e  of S - a l g o l .  The r e s u l t a n t  m achine i s  t h e  S -code  m ach ine . The 
d e s c r i p t i o n  o f  t h e  S -code  machine f a l l s  i n t o  th e  t h r e e  c a t e g o r i e s  o f  s t a c k  
o r g a n i s a t i o n ,  heap o r g a n i s a t i o n  and  th e  i n s t r u c t i o n  s e t .
_5 .J^ The S ta ck
The S - a l g o l  c o m p i le r  p ro d u ce s  S -code  w hich i s  a  form  o f  r e v e r s e  
p o l i s h  i n s t r u c t i o n  code . The S -code  i s  i d e a l l y  e x e c u te d  on a s t a c k  m ach ine . 
The s t a c k  i s  u se d  t o  f a c i l i t a t e  b lo c k  and p ro c e d u re  e n t r y  and e x i t ,  t o  
p r o v id e  sp ace  f o r  programmer named o b j e c t s  and to  p r o v id e  s p a c e  f o r  
e x p r e s s io n  e v a l u a t i o n .  E x p re s s io n  e v a l u a t i o n  i s  a lw ays p e rfo rm e d  on t h e  
r e u s a b l e  sp a c e  a t  t h e  to p  o f  t h e  s t a c k  and s in c e  t h e  t e c h n iq u e  i s  w e l l
known l i t t l e  more w i l l  be  s a i d  o f  i t  h e r e .
On b lo c k  o r  p ro c e d u re  e n t r y  o r  e x i t , i n f o r m a t io n  i s  p la c e d  on o r  
removed from  th e  s t a c k .  T h is  i n fo r m a t io n  w hich c o n ta in s  a Mark S ta c k  
C o n t r o l  Word ( MSCW ) ,  s p a c e  f o r  l o c a l  o b j e c t s  and p a ra m e te r s  and w ork ing
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sp a c e  f o r  e x p r e s s io n  e v a l u a t i o n ,  i s  som etim es known a s  a s t a c k  f ra m e .  S ince  
t h e  l e n g t h  of each  s t a c k  fram e may be  d i f f e r e n t ,  t h e y  must be l in k e d  
t o g e t h e r  to  a l lo w  c o r r e c t  e x i t  from  t h e  b lo c k  o r  p r o c e d u r e .  T h e r e f o r e ,  t h e  
MSCW c o n ta in s  a  dynamic l i n k  w hich p o i n t s  t o  th e  b a s e  o f  t h e  p r e v i o u s l y  
a c t i v a t e d  s t a c k  f ra m e .  Thus, t h e  dynamic l i n k s  form  a c h a in ,  known as  t h e  
dynamic c h a in ,  o f  t h e  c u r r e n t l y  a c t i v a t e d  b lo c k s  or p r o c e d u r e s .
By i t s  v e r y  n a t u r e  t h e  s t a c k  r e c o r d s  t h e  dynamic e v a l u a t i o n  o f  a 
p rog ram . Some method i s  r e q u i r e d  to  r e f l e c t  t h e  s t a t i c  n a t u r e  i . e .  t h e  
scope  r u l e s ,  s i n c e  n o t  a l l  o f  t h e  s t a c k  fram es a v a i l a b l e  on th e  s t a c k  need 
be  i n  s c o p e .  The MSCW c o n ta i n s  a  second  p o i n t e r ,  known a s  t h e  s t a t i c  l i n k ,  
which p o i n t s  to  t h e  s t a c k  fram e o f  t h e  im m edia te  s t a t i c  o u t e r  b lo c k  or 
p r o c e d u r e .  These s t a t i c  l i n k s  form  t h e  s t a t i c  c h a in  which can be  used  to  
f i n d  th e  s t a c k  fram e b a s e  o f  any b lo c k  o r  p ro c e d u re  t h a t  i s  i n  sc o p e .
The p o s i t i o n  o f  a  s t a c k  f ra m e ,  f o r  a b lo c k  o r  a p r o c e d u r e ,  on th e  
s t a c k  may v a r y  depend ing  on th e  dynamic e v a l u a t i o n  o f  t h e  program . 
T h e r e f o r e ,  t h e  co m p ile r  c a n n o t  c a l c u l a t e  t h e  a b s o lu t e  a d d re s s  o f  s t a c k  
i te m s  o t h e r  th a n  t h o s e  o f  t h e  most o u t e r  b l o c k .  However, i f  dynamic v e c t o r s  
a r e  d i s a l lo w e d  as  s t a c k  i te m s  ( i t  w i l l  b e  shown l a t e r  t h a t  S - a lg o l  v e c t o r s  
c a n n o t  be  im plem ented  on th e  s t a c k  anyway ) ,  th e  a d d re s s  o f  a  s t a c k  i te m  
r e l a t i v e  to  i t s  s t a c k  fram e b a s e  may be  c a l c u l a t e d  a t  com pile  t im e .
For  each  i te m  on th e  s t a c k  th e  co m p ile r  p roduces  an a d d re s s  p a i r
< 1 1 ,dd > where
11 i s  t h e  l e x i c o g r a p h i c  l e v e l  and
dd i s  t h e  d i s p la c e m e n t  from  th e  s t a c k  fram e b a se
T h is  a d d re s s  p a i r  i s  u se d  a t  ru n  t im e  t o  c a l c u l a t e  t h e  a b s o l u t e  
a d d r e s s  o f  t h e  s t a c k  i te m .  Note t h a t  i f  t h e  s t a c k  fram e b a se  o f  t h e  i te m  
was to  be found by c h a in in g  down t h e  s t a t i c  c h a in ,  t h e  c l e v e r  c o m p ile r  [49]
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would c a l c u l a t e ,  i n s t e a d  o f  11, t h e  d i f f e r e n c e  i n  t h e  c u r r e n t  l e x i c o g r a p h i c
l e v e l  and t h a t  o f  t h e  r e q u i r e d  i te m  as  t h i s  i s  t h e  number o f  t im e s  t o  l i n k
down t h e  s t a t i c  c h a in .
The n e x t  r e f in e m e n t  i s  t o  u se  f a s t  r e g i s t e r s  t o  form a d i s p l a y  
[48] . The d i s p l a y  d u p l i c a t e s  t h e  v a lu e s  i n  t h e  s t a t i c  c h a in  and th u s  t h e  
a b s o l u t e  a d d re s s  o f  any i te m  on th e  s t a c k  i s
d isp la y C  11 ) + dd
F i n a l l y ,  Wichmann [50] has shown t h a t  s t a c k  fram es  a r e  o n ly
r e q u i r e d  f o r  p r o c e d u re s  as  b lo c k s  can be  c o n s id e r e d  as p a r t  o f  t h e
p r o c e d u r e  and t h e i r  s t a c k  i te m  a d d r e s s e s  c a l c u l a t e d  r e l a t i v e  t o  t h e
p r o c e d u r e  s t a c k  fram e b a s e .  T h is  t e c h n iq u e  i s  c a l l e d  p ro c e d u re  l e v e l
a d d r e s s in g  and e x te n d s  w ith  a  s l i g h t  m o d i f i c a t i o n  to  la n g u a g e s  w ith  b lo c k  
e x p r e s s i o n s .
The S- a l g o l  S ta c k
S - a lg o l  was d e s ig n e d  t o  be  used  to  w r i t e  program s i n  t h e  paradigm  
o f  s t r u c t u r e d  programming [ 5 1 ] .  By s tu d y in g  th e  program s w r i t t e n  i n  such  a 
manner , two o b s e r v a t io n s  w hich a r e  r e l e v a n t  t o  t h i s  d i s c u s s i o n  can  be 
made. F i r s t l y ,  s t r u c t u r e d  program s te n d  t o  c o n s i s t  o f  a  l a r g e  number o f  
s m a l l  p ro c e d u re s  which a r e  c a l l e d  many t im e s .  S e cond ly ,  t h e  o b j e c t s  
r e f e r r e d  t o  in  t h e s e  p r o c e d u re s  t e n d  to  be  l o c a l  o r  o u t e r  b lo c k  g l o b a l s .  
I t  i s  t h e r e f o r e  r e a s o n a b le  t o  d e s ig n  an a b s t r a c t  m achine w hich t a k e s  
a d v a n ta g e  of  t h i s  t o  o b t a i n  an  e f f i c i e n t  im p le m e n ta t io n .
The d i s p l a y  method o f  im p lem en ting  th e  s t a c k  has two m ajor 
d raw b ack s .  U p da ting  th e  d i s p l a y  may be complex. I n  g e n e r a l ,  t h e  number o f  
o p e r a t i o n s  r e q u i r e d  to  u p d a te  t h e  d i s p l a y  on p ro c e d u re  e x i t  i s
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p -  q + 1 i f  q <= p and 0 o th e r w is e
where p i s  t h e  11 o f  t h e  c a l l i n g  p ro c e d u re  
and q i s  t h  11 o f  t h e  c a l l e d  p ro c e d u re
In  o t h e r  w ords ,  i f  t h e  e n v ironm en t changes d r a s t i c a l l y ,  t h e  
ove rhead  i n  u p d a t in g  t h e  d i s p l a y  i s  i n c r e a s e d .  This  s i t u a t i o n  o c c u rs  on 
r e t u r n i n g  from a p ro c e d u re  d e c l a r e d  a t  a  low er l e v e l  th an  th e  c a l l i n g  one 
and w i th  p r o c e d u re s  p a s s e d  as p a r a m e t e r s .  Some c o m p i le r s  e . g .  A lgo l W [42] 
p a n ic  b e c au se  o f  t h i s  and s im p ly  dump th e  whole d i s p l a y  on t o  t h e  s t a c k  on 
p ro c e d u r e  e n t r y  and r e s t o r e  i t  on e x i t .
The o t h e r  main d i f f i c u l t y  o f  t h e  d i s p l a y  scheme i s  t h a t  i t  r e l i e s  
on t h e r e  b e in g  enough s p a r e  r e g i s t e r s  on th e  t a r g e t  machine t o  r e f l e c t  th e  
d e p th  of s t a t i c  n e s t i n g  i n  any  p rogram . I n  most c a se s  t h i s  u s u a l l y  l e a d s  t o  
some a r b i t r a r y  r e s t r i c t i o n  on th e  d ep th  o f  n e s t i n g .  W hile  t h i s  may be good 
enough f o r  hand w r i t t e n  program s i t  i s  a lm ost n e v e r  s a t i s f a c t o r y  f o r  
a u t o m a t i c a l l y  p roduced  p ro g ra m s.
The S - a lg o l  a b s t r a c t  m achine r e q u i r e s  two r e g i s t e r s ,  c a l l e d  s t a c k  
b a s e ,  SB, and s t a c k  f r o n t ,  SF, w hich  p o i n t  t o  t h e  g l o b a l  and l o c a l  s t a c k  
fram e b a s e s  r e s p e c t i v e l y .  Only one r e g i s t e r ,  SF, i s  a b s o l u t e l y  n e c e s s a r y  
s i n c e  t h e  b a se  o f  t h e  s t a c k  may be f i x e d .  On p ro c e d u re  e n t r y  SF i s  made t o  
p o i n t  to  t h e  new s t a c k  fram e b a s e  and on e x i t  i t  i s  r e s t o r e d  from  th e  
dynamic l i n k .
Thus, s i n c e  t h e  c o m p ile r  i s s u e s  s e p a r a t e  i n s t r u c t i o n s  f o r  l o c a l s  
and o u te r  b lo c k  g l o b a l s ,  t h e y  can be  q u ic k ly  a c c e s s e d  by  u s in g  th e  SF and 
SB r e g i s t e r s .  O ther  f r e e  v a r i a b l e s  a r e  a c c e s s e d  v i a  t h e  s t a t i c  c h a in .  The 
method i s  a s  f a s t  a s  t h e  d i s p l a y  t e c h n iq u e  f o r  a c c e s s in g  l o c a l s  and o u te r  
b lo c k  g l o b a l s  and does  n o t  s u f f e r  from  any a r t i f i c i a l  l i m i t  on th e  s t a t i c  
d e p th .
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A s im p le  and e f f i c i e n t  method o f  p ro c e d u re  e n t r y  and e x i t  i s  now 
p o s s i b l e .  However , t h e  t e c h n iq u e  must be c a p a b le  o f  d e a l i n g  w i th  
p ro c e d u re s  p a s s e d  as  p a r a m e t e r s .  C onside r  th e  program  t o  c a l c u l a t e
p ro c e d u re  i n t e g r a l (  ( r e a l  -> r e a l  ) f  ; r e a l  a ,b  -> r e a l  )
( b -  a ) * f (  ( a  + b ) /  2 .0  )
p ro c e d u re  g (  r e a l  z -> r e a l  ) 
b e g in
p ro c e d u re  e p (  r e a l  y -> r e a l  ) ; exp( z * y ) 
i n t é g r a l e  e p ,2 ,4  )
end
w r i t e  i n t e g r a l (  g , l , 2  ) ?
The prob lem  a r i s e s  on th e  c a l l  o f  th e  p ro c e d u re  i n t e g r a l  w hich
h a s  ep as a  p a ra m e te r .  P ro c e d u re  ep  u s e s  t h e  non l o c a l  y and t h e r e f o r e
when ep i s  invoked  as  p r o c e d u re  f  an env ironm en t change i s  r e q u i r e d  to  
o b t a i n  t h e  c o r r e c t  r e s u l t s .  The d i f f i c u l t y  i s  to  d e v i s e  a  g e n e r a l  mechanism 
which w i l l  d e a l  w i th  t h i s  c a s e .  The S - a lg o l  s o l u t i o n  i s  a s  f o l l o w s .
S in c e  a p ro c e d u re  can be  p a s se d  as a  p a ra m e te r  and i s  s u b j e c t  t o
t h e  same sco p e  r u l e s  as  o th e r  i t e m s ,  i t  s u g g e s t s  t h a t  i t  cou ld  be
im plem ented as  a  s t a c k  i t e m .  The above  prob lem  i s  one o f  i d e n t i f y i n g  th e  
c o r r e c t  s t a t i c  e n v iro n m e n t .  When a p ro c e d u re  i s  d e c l a r e d  two i te m s  a r e  
p la c e d  on t h e  s t a c k  a s  an i n i t i a l i s a t i o n .  These a r e  t h e  p ro c e d u re  a d d re s s  
and i t s  s t a t i c  l i n k  and a r e  c o l l e c t i v e l y  c a l l e d  t h e  p ro c e d u re  c l o s u r e .  Each 
p r o c e d u r e  forms a segment of code w hich  i s  lo a d e d  s e p a r a t e l y .  The o n ly  
e v id e n c e  o f  one segment h a v in g  been  p a r t  o f  a n o th e r  i s  t h e  i n s t r u c t i o n  to
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lo a d  th e  c l o s u r e .  The s t a t i c  l i n k  may be c a l c u l a t e d  a t  t h i s  p o i n t  as i t  i s  
m e re ly  th e  c u r r e n t  s t a c k  fram e b a s e .  T h is  can s im p ly  be  c o p ie d  and need no t  
be  r e c a l c u l a t e d  on e a c h  p ro c e d u re  c a l l .
A p ro c e d u re  c a l l  c o n s i s t s  o f  an i n s t r u c t i o n  t o  lo a d  th e  c l o s u r e ,  
code to  e v a lu a t e  t h e  p a ra m e te r s  and an i n s t r u c t i o n  t o  c a l l  t h e  p r o c e d u r e .  
The MSCW c o n ta in s
a .  The p ro c e d u re  a d d re s s
b .  The s t a t i c  l i n k
c .  The dynamic l i n k
d .  The r e t u r n  a d d re s s
The f i r s t  two i tem s  fo rm  th e  p ro c e d u re  c lo s u r e  and  th e  second  two 
a r e  c a l c u l a t e d  j u s t  b e f o r e  e n t r y .  The c lo s u r e  u n iq u e ly  r e p r e s e n t s  t h e  
p r o c e d u r e  on th e  s t a c k .  A p ro c e d u re  d e c l a r e d  i n s i d e  a n o th e r  w i l l  a p p e ar  a t  
run  tim e a s  a c lo s u r e  on th e  s t a c k .  To p ass  a  p ro c e d u re  a s  a p a ra m e te r  
r e q u i r e s  th e  c lo s u r e  t o  be  c o p ie d .  Thus, t h e  p ro c e d u re  p a ra m e te r  w i l l  l o o k  
l i k e  a l o c a l l y  d e c l a r e d  p ro c e d u re  when i t  i s  c a l l e d .  For t h e  c lo s u r e  t o
r e p r e s e n t  t h e  p ro c e d u re  u n iq u e ly ,  i t  i s  n o t  s u f f i c i e n t  t o  ho ld  th e
p ro c e d u r e  a d d re s s  ; t h e  s t a t i c  l i n k  i s  a l s o  r e q u i r e d .  The p ro c e d u re  c lo s u r e  
c a r r i e s  i t s  own s t a t i c  l i n k  and t h e r e f o r e  t h e  e n v iro n m en t  p roblem s a r e  
s o l v e d .
The t e c h n iq u e  a l s o  works f o r  fo rw ard  d e c l a r e d  p r o c e d u re s  by 
l e a v in g  sp ace  on th e  s t a c k  a t  t h e  p o i n t  o f  d e c l a r a t i o n  and f i l l i n g  th e  
c l o s u r e  in  a t  t h e  p o i n t  of a c t u a l  d e c l a r a t i o n .
P ro c e d u re  e x i t  i s  e x tr e m e ly  s im p le .  R e s e t t i n g  th e  SF p o i n t e r  i s  
a l l  t h a t  i s  r e q u i r e d .  No u p d a t in g  o f  t h e  s t a t i c  c h a in  i s  r e q u i r e d  as i t
i s  uncovered  to  t h e  p o s i t i o n  on th e  p o i n t  o f  e n t r y  a u t o m a t i c a l l y .  Of
c o u r s e ,  s t a c k  r e t r a c t i o n  must t a k e  p l a c e  on p ro c e d u re  and b lo c k  e x i t  and
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c a r e  has to  be ta k e n  i f  t h e y  r e t u r n  v a l u e s .
W hether t h i s  t e c h n iq u e  i s  more e f f i c i e n t  th a n  th e  d i s p l a y  method
depends on
a .  The number o f  s p a r e  r e g i s t e r s  on th e  t a r g e t  machine
b .  The number o f  non g l o b a l  f r e e  v a r i a b l e  a c c e s s e s
c .  The number o f  p r o c e d u re  c a l l s
d .  The number o f  p r o c e d u r e s  p a s s e d  as p a ra m e te r s
and i s  d i s c u s s e d  f u r t h e r  by M orr ison  [5 2 ] .
The Heap
The d e s ig n  o f  t h e  w orld  o f  d a ta  o b j e c t s  i n  S - a l g o l ,  makes i t  
i m p o s s ib l e  f o r  t h e  la n g u a g e  t o  be  im plem ented  on a s t a c k  o n ly  sy s te m . In  
p a r t i c u l a r ,  s t r i n g s ,  v e c t o r s  and s t r u c t u r e s  r e q u i r e  a  second  a r e a  o f  
d y n a m ic a l ly  a l l o c a t e d  s t o r e  known a s  th e  h e a p .
I n  S - a l g o l ,  v e c t o r s  a r e  f i r s t  c l a s s  d a ta  o b j e c t s .  They e n jo y  th e  
same c i v i l  r i g h t s  as  any o t h e r  d a ta  o b j e c t  i n c l u d i n g  a s s ig n m e n t ,  b e in g
f i e l d s  o f  o th e r  v e c t o r s  or s t r u c t u r e s  and b e in g  p a s s e d  t o  p r o c e d u r e s .  The
copy ing  of  v e c t o r s  i s  n o t  g e n e r a l l y  u se d  on e f f i c i e n c y  g ro u n d s .  In d e e d ,  on 
a  s t a c k  sy s tem  w i th  v a r i a b l e  s i z e  v e c t o r s ,  as i n  S - a l g o l ,  i t  i s  im p o s s ib le  
t o  copy t h e  v e c t o r s  s i n c e  t h e  sp a ce  r e q u i r e d  to  ho ld  t h e  v e c to r  on th e  
s t a c k  canno t be  p r e d i c t e d .  T h e r e f o r e ,  a v e c to r  i s  r e p r e s e n t e d  by a p o i n t e r  
on th e  s t a c k  w i th  t h e  e le m e n ts  on th e  h e a p .  The v a lu e  o f  t h e  v e c to r  i s  t h e  
p o i n t e r  and a s s i g n i n g  t h e  v e c to r  means copy ing  th e  p o i n t e r .  S ince  p o i n t e r s  
a r e  of u n ifo rm  s t a c k  s i z e  t h e  p rob lem  i s  overcome.
The S - a lg o l  s t r u c t u r e s  s u f f e r  from th e  same problem s as  t h e  
v e c t o r s .  In d ee d  t h e  la n g u a g e  i s  d e s ig n e d  to  make v e c t o r s  and s t r u c t u r e s  
behave  in  th e  same m anner. S t r u c t u r e s  may be o f  any  c l a s s  and t h e r e f o r e
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s i z e -  For  e x a c t l y  th e  same r e a s o n s  as  w i th  v e c t o r s  , s t r u c t u r e s  a r e  
im plem ented  as  p o i n t e r s  on th e  s t a c k  w hich  p o i n t  t o  t h e  s t r u c t u r e  f i e l d s  on 
t h e  h e a p .
S in c e  t h e  programmer may a l t e r  t h e  f i e l d s  o f  a s t r u c t u r e  o r  th e  
e le m e n ts  o f  a v e c t o r  , i t  i s  n e c e s s a r y  t o  know t h a t  v e c t o r s  and s t r u c t u r e s  
a r e  implem ented as p o i n t e r s .  F o r  exam ple, a  v e c t o r  p a s s e d  t o  a  p ro c e d u re  
which a l t e r s  one o f  t h e  e le m e n ts  h as  t h a t  e lem en t  a l t e r e d  f o r e v e r .  S t r i n g s ,  
on  th e  o t h e r  hand , a r e  pu re  d a ta  o b j e c t s  and may n o t  be a l t e r e d  i n t e r n a l l y  
by t h e  program mer. However, s t r i n g s  a l s o  have  th e  same s i z e  problem s as  
v e c t o r s  and s t r u c t u r e s .  They a r e  t h e r e f o r e  im plem ented  on t h e  heap w i th  a 
p o i n t e r  to  them on th e  s t a c k .  The p o i n t e r  in  t h i s  c a s e  i s  n o t  s e en  by th e  
program m er.
The e f f i c i e n c y  o f  t h i s  a p p ro ach  t o  s t r i n g s ,  v e c t o r s  and 
s t r u c t u r e s  i s  n o t  im m e d ia te ly  o b v io u s .  The problem  o f  copy ing  l a r g e  d a ta  
s t r u c t u r e s  has  been a v o id e d ,  i n  g e n e r a l ,  by  t h e  i n t r o d u c t i o n  o f  t h e  
p o i n t e r .  The p o i n t e r  i s  o n ly  a p p a re n t  t o  th e  u s e r  w i th  v e c t o r s  and 
s t r u c t u r e s  s i n c e  t h e y  may be  a l t e r e d  i n t e r n a l l y .  With s t r i n g s  t h e  p o i n t e r  
i s  h idden  and i s  u se d  o n ly  f o r  e f f i c i e n t  im p le m e n ta t io n .
The a b s t r a c t  machine d a ta  s t r u c t u r e s  on t h e  heap  must a l s o  
c o n t a i n  some h o u se k ee p in g  in f o r m a t io n  t o  a l lo w  them to  be used  c o r r e c t l y .  
They a r e  l i s t e d  f o r  e a c h  i te m
a .  V e c to rs  must c a r r y  t h e i r  bounds f o r  r u n  t im e  bound 
c h e ck in g  and an i n d i c a t i o n  i f  t h e  e le m en ts  a r e  
p o i n t e r s  f o r  g a rb a g e  c o l l e c t i o n  p u r p o s e s .
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b .  S t r u c t u r e s  must c a r r y  t h e i r  t ra d e m a rk  f o r  r u n  t im e  
s t r u c t u r e  c l a s s  c h e ck in g  and some means o f  
s p e c i f y i n g  w hich f i e l d s  a r e  p o i n t e r s  f o r  s t r u c t u r e  
c r e a t i o n  and g a rb a g e  c o l l e c t i o n .
c .  S t r i n g s  must c a r r y  t h e i r  s i z e  f o r  in d e x  c h e c k in g .
How t h i s  i s  im plem ented  e f f i c i e n t l y  on a g iv en  t a r g e t  m achine i s
a  prob lem  f o r  t h e  i n g e n u i t y  o f  t h e  im p lem e n to r .  The PDPll s o l u t i o n  i s  g iv e n
i n  C h ap te r  6.
5 .4  Heap O r g a n i s a t io n
The a l g o l  f a m i ly  o f  lan g u a g e s  p r e s e n t  t h e  u s e r  w i th  a 
c o n c e p t u a l l y  i n f i n i t e  s t o r e .  The s t a c k  s im u la t e s  t h i s  by r e u s i n g  th e  s t o r e  
a l l o c a t e d  t o  b lo c k s  no lo n g e r  i n  u s e .  The d e s ig n  p h i lo s o p h y  o f  S - a lg o l  
does  n o t  w ish  t o  a l t e r  t h i s .  S in c e  t h e  d i f f e r e n c e  betw een s t a c k  and heap 
o b j e c t s  i s  h id d e n  from t h e  u s e r ,  t h e  heap as w e l l  a s  t h e  s t a c k  must be 
r e u s e d .  Of c o u r s e ,  t h e  p r e t e n c e  b r e a k s  down when th e  s t o r e  i s  f i n a l l y  
e x h a u s te d  and may n o t  be  r e u s e d .  The te c h n iq u e  o f  g a rb a g e  c o l l e c t i o n  i s  
used  w i th  t h e  h e a p .
Space i s  a l l o c a t e d  on t h e  heap  u n t i l  t h e r e  i s  no more a v a i l a b l e .
At t h i s  p o i n t  i t  i s  p o s s i b l e  t o  have  sp a ce  a l l o c a t e d  t h a t  i s  no lo n g e r  in
u s e .  C onside r  th e  program  s e c t i o n
f o r  i  = 1 j to  10000 do 
b e g in
l e t  A = @1 o f  c s t r i n g [ " a ” , " b " , " c ” ," d "  ]
end
A f te r  e x e c u t in g  t h e  lo o p ,  10,000 v e r s i o n s  o f  A w i l l  be  on th e
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h e a p .  However, i f  none o f  them h as  been a s s ig n e d  th en  none o f  them w i l l  be 
i n  u s e .  The same a p p l i e s  t o  s t r u c t u r e s  and s t r i n g s .
At any  p o i n t  i n  t h e  e x e c u t io n  o f  an S - a lg o l  p rogram , t h e  sp a ce  on 
t h e  heap may be
a .  A l lo c a t e d  and in  use
b .  A l lo c a t e d  and n o t  i n  u se
c .  F ree
When th e  f r e e  sp a ce  i s  e x h a u s te d  i t  i s  t h e  jo b  o f  t h e  g a rb a g e  
c o l l e c t o r  t o  f r e e  t h e  sp a ce  t h a t  i s  a l l o c a t e d  and n o t  i n  u s e .  This  i s  
pe rfo rm ed  i n  two s t a g e s  by m ark ing  and c o l l e c t i n g .
I n  t h e  m ark ing  p h a s e ,  t h e  p o i n t e r s  on th e  s t a c k  a r e  used  to  
i d e n t i f y  some heap i tem s  t h a t  a r e  i n  u s e .  The s e a r c h  i s  r e c u r s i v e  s i n c e  
heap  i tem s  may p o i n t  t o  o t h e r  heap i t e m s .  Thus a l l  t h e  s p a c e  t h a t  i s  i n  u se  
w i l l  be m arked . Once t h e  heap  h a s  been marked a l l  t h e  unmarked sp a ce  i s  
f r e e d  w i th  t h e  p o s s i b i l i t y  o f  c o a l e s c i n g  th e  f r e e  a r e a s  i n t o  l a r g e r  b lo c k s  
o r  com pacting  t h e  u sed  s p a c e  t o  one end o f  t h e  h e a p .
The main d i f f i c u l t y  i n  t h i s  i s  t o  i d e n t i f y  t h e  p o i n t e r s  on th e  
s t a c k  a t  any  p o i n t  i n  t h e  e x e c u t io n  o f  a program . Some p o i n t e r s  a r e  t r i v i a l  
to  f i n d  as  th e y  a r e  a t  a  f i x e d  l o c a t i o n  r e l a t i v e  t o  t h e  s t a c k  fram e b a s e .  
However, t h e  p o s i t i o n  o f  some o t h e r  p o i n t e r s  on th e  s t a c k  i s  dependen t  on 
t h e  dynamic f lo w  o f  t h e  p rogram . C o n s id e r  th e  example
s t r u e t u r e  v e c s (  * i n t  VI )
l e t  A = v e c s (  @1 o f  i n t [ 1 ,2 ,3  ] )
I f  a  g a rb a g e  c o l l e c t i o n  s t r i k e s  betw een t h e  c r e a t i o n  o f  t h e  
v e c t o r  and th e  s t r u c t u r e  , t h e  p o i n t e r  t o  t h e  v e c to r  w i l l  be  a t  an 
a r b i t r a r y  p o s i t i o n  on th e  s t a c k  and t h e r e f o r e  d i f f i c u l t  t o  i d e n t i f y .  A
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s o l u t i o n  cou ld  be  t o  c h a in  a l l  t h e  p o i n t e r s  on th e  s t a c k  t o g e t h e r  b u t  t h i s  
w i l l  slow  down th e  u s e  o f  i te m s  w i th  p o i n t e r s .  Of c o u r s e ,  a  ta g g e d  d a t a  
a r c h i t e c t u r e  m achine has  no d i f f i c u l t y  w i th  t h i s  p ro b le m . S - a lg o l  p ro p o se s  
a new, s im p le  and e x tre m e ly  ob v io u s  s o l u t i o n .
The S - a lg o l  sy s tem  h a s  a  s e p a r a t e  s t a c k  f o r  a l l  p o i n t e r s .  The 
c o m p i le r  can a lw ays  p r e d i c t  t h e  ty p e  o f  an i te m  and t h e r e f o r e  on w hich 
s t a c k  i t  w i l l  l i v e .  The m ark ing  a lg o r i th m  has  no d i f f i c u l t y  i n  f i n d i n g  th e  
i n i t i a l  p o i n t e r s  s i n c e  t h e y  a re  a l l  on t h e  p o i n t e r  s t a c k .  Thus a 
p o t e n t i a l l y  awkward s i t u a t i o n  i s  overcome.
The draw backs t o  t h e  two s t a c k  s o l u t i o n  a r e  a s  f o l l o w s .
a .  A t h i r d  a r e a  o f  d y n a m ic a l ly  a l l o c a t e d  s t o r e  must 
be  found in  t h e  t o t a l  a d d re s s  s p a c e .  This  i s  
o f t e n  no p rob lem  a t  a l l .
b .  The second  s t a c k  must be a d m in i s t e r e d  l i k e  t h e  
f i r s t  t o  map th e  s t a t i c  and dynamic f lo w  o f  t h e  
p rogram .
The s o l u t i o n  t o  t h e  second  prob lem  i s  t o  a l l o c a t e  two r e g i s t e r s ,  
p o i n t e r  s t a c k  f r o n t ,  PSF, and p o i n t e r  s t a c k  b a s e ,  PSB, t o  p o i n t  a t  t h e  
c u r r e n t  p o i n t e r  s t a c k  fram e b a s e  and t h e  g l o b a l  p o i n t e r  s t a c k  fram e b a s e .  
The main s t a c k  a l r e a d y  maps t h e  dynamic and s t a t i c  f lo w  o f  t h e  program . By 
in c l u d in g  i n  t h e  MSCW a p o i n t e r  t o  th e  e q u i v a l e n t  p o i n t e r  s t a c k  fram e b a s e ,  
a l l  t h e  i n t e r m e d i a t e  p o i n t e r  s t a c k  f ram es  may be found by  l i n k i n g  down th e  
m ain  s t a c k  s t a t i c  c h a in  and th en  u s in g  t h e  p o i n t e r  t o  t h e  p o i n t e r  s t a c k  
f ra m e .
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The mark s t a c k  c o n t r o l  word now c o n ta in s
a .  The p ro c e d u re  a d d re s s
b .  The s t a t i c  l i n k
c .  The dynamic l i n k
d .  The p o i n t e r  s t a c k  l i n k
e .  The r e t u r n  a d d re s s
T h i s ,  o f  c o u r s e ,  c o m p l ic a te s  p ro c e d u re  e n t r y  and e x i t .  However, 
t h e  prob lem  o f  i d e n t i f y i n g  t h e s e  anonymous p o i n t e r s  i s  su c h  a n a s t y  one 
t h a t  th e  p r i c e  p a id  i s  f e l t  t o  be s m a l l .
A’A The A b s t r a c t  Machine Code
The S - a lg o l  a b s t r a c t  m achine u se s  f o u r  s t o r a g e  a r e a s
a .  The i n s t r u c t i o n  code  a r e a
b .  The main s t a c k
c .  The p o i n t e r  s t a c k
d . The heap
I t  a l s o  has  se v en  s p e c i a l  p u rp o se  r e g i s t e r s
Q. • S ta c k  f r o n t SF
b . S ta c k  b a s e SB
c . P o i n t e r  s t a c k f r o n t PSF
d . P o i n t e r  s t a c k b a s e PSB
e . S ta c k  top SP
f . P o i n t e r  s t a c k top PSP
g* Code p o i n t e r CP
The S -code g e n e r a te d  f o r  each  s y n t a c t i c  c o n s t r u c t  i s  g iv e n  i n  |
1
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Appendix IV and t h e  S -code  i n s t r u c t i o n s  a r e  d e s c r ib e d  in  d e t a i l  i n  A ppendix 
I I I .  A g e n e r a l  d i s c u s s i o n  o f  t h e  more u n u su a l  i te m  of  t h e  S -code  d e s ig n  i s  
g iv e n  h e r e .
_5 .j6 The S ta c k  I n s t r u c t i o n s
The S -code  m achine has  t h e  u s u a l  b a t t e r y  o f  s t a c k  i n s t r u c t i o n s .  
T h e re  a r e  a r i t h m e t i c  i n s t r u c t i o n s ,  l i k e  p l u s ,  w hich  p e r fo rm  th e  o p e r a t i o n  
on t h e  top  o f  t h e  s t a c k  and l e a v e  t h e  r e s u l t  t h e r e .  The r e l a t i o n a l  
o p e r a t i o n s  such  as  l e s s  th a n  e t c .  o p e r a t e  on i n t s , r e a l s  and s t r i n g s  and 
l e a v e  a b o o le a n  r e s u l t  on t h e  to p  o f  t h e  s t a c k .  There a r e  i n s t r u c t i o n s  t o  
lo a d  l i t e r a l  v a lu e s  on t o  th e  s t a c k  and i n s t r u c t i o n s  t o  lo a d  o t h e r  s t a c k
i te m s  on to  t h e  top  o f  t h e  s t a c k  p r i o r  t o  b e in g  u s e d .  T his  l a s t  group
r e q u i r e s  t h r e e  forms s i n c e  t h e  s t a c k  o b j e c t s  may be l o c a l ,  g l o b a l  o r
i n t e r m e d i a t e  depend ing  on t h e i r  s c o p e .  The ty p e  o f  t h e  operand  i s  u se d  to
i n d i c a t e  which s t a c k  i s  t o  be  u se d .
There  a r e  a  number o f  m is c e l l a n e o u s  i n s t r u c t i o n s  su c h  as  e r a s e
t h e  top  o f  t h e  s t a c k ,  exchange  th e  to p  two e lem en ts  and a s s i g n  th e  to p  
e le m en t  to  t h e  a d d re s s  g iv e n  in  t h e  second  to p .  A new s t a c k  i n s t r u c t i o n  i s  
r e t r a c t  w hich  i s  u se d  on b lo c k  e x i t .
No code i s  r e q u i r e d  in  p ro c e d u re  l e v e l  a d d r e s s in g  f o r  b lo c k
e n t r y .  However, on b lo c k  e x i t  t h e  s t a c k  top  r e g i s t e r s  may have  t o  be
changed to  g e t  r i d  o f  any l o c a l s  on t h e  s t a c k .  F u r th e rm o re ,  i f  t h e  b lo c k
r e t u r n s  a v a lu e  t h i s  must be c o p ie d  t o  t h e  new s t a c k  t o p .
F i n a l l y ,  t o  a l lo w  a g e n e r a l  c o e r c io n  from ty p e  i n t  t o  r e a l  a 
f l o a t  i n s t r u c t i o n  w hich  w i l l  f l o a t  t h e  to p  o r  second  to p  s t a c k  e lem en t  i s  
r e q u i r e d .
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C o n s id e r  th e  e x p r e s s io n
1 + 2 . 0
T h is  w i l l  g e n e r a te  t h e  code
l l . s i n t (  1 ) l l . r e a l (  2 .0  ) f l o a t . o p (  2 ) p l u s .o p  
The Heap I n s t r u c t i o n s
The heap i n s t r u c t i o n s  f a l l  i n t o  two c a t e g o r i e s
a .  Those w hich  c r e a t e  heap  o b j e c t s  and t h e r e f o r e  may 
c a u se  g a rb a g e  c o l l e c t i o n
b .  Those w hich  u s e  t h e  heap  i tem s
The s t r i n g  o p e r a t i o n s  w hich c r e a t e  s t r i n g s  on th e  heap a r e  code 
which c r e a t e s  a s t r i n g  o f  l e n g t h  1, c o n c a t .o p  which c o n c a t e n a t e s  two 
s t r i n g s  fo rm ing  a new one , s u b s t r . o p  w hich s e l e c t s  c h a r a c t e r s  from  a s t r i n g  
to  form a n o th e r  and f i n a l l y  r e a d . s t r i n g .  C r e a t in g  s t r u c t u r e s  i s  more 
c o m p l ic a te d ,
e . g .
s t r u c t u r e  ab c (  i n t  a  ; c s t r i n g  b ; & rea l  c )
l e t  A = ab c (  l , " r o n " ,@ l  ^  r e a l [ 1 , 2 , 3  ] )
The code g e n e r a te d  f o r  t h e  s t r u c t u r e  c r e a t i o n  i s
lo a d  th e  t r a d e m a rk  from th e  s t a c k  
e v a l u a t e  t h e  e x p r e s s io n s  
f o r m . s t r u e t u r e ( n )
The t ra d e m a rk  i s  lo a d e d  on t o  t h e  to p  o f  t h e  s t a c k  and i s  n words
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from t h e  s t a c k  fram e b a s e .  The e x p r e s s io n s  a r e  e v a lu a t e d  on th e  
a p p r o p r i a t e  s t a c k  dep en d in g  on t h e i r  t y p e .  The t ra d e m a rk  must c a r r y  some 
i n d i c a t i o n  o f  w hich f i e l d s  a r e  p o i n t e r s  i n  o r d e r  t o  t a k e  t h e  f i e l d s  o f f  t h e  
c o r r e c t  s t a c k  when f i l l i n g  i n  t h e  f i e l d s .  This  in f o r m a t io n  i s  a l s o  r e q u i r e d  
i n  t h e  m arking  p h a se  o f  t h e  g a rb a g e  c o l l e c t o r .  An i n d i c a t i o n  o f  how t h i s  
m ig h t  be  done i s  g iv e n  i n  C hap te r  6 .
There  a r e  two forms o f  v e c t o r  c r e a t i o n .  The f i r s t
@1 o f  i n t [  2 ,3 ,4 5  ]
g e n e r a t e s  t h e  code
l l . s i n t (  1 ) l l . s i n t (  2 ) 
l l . s i n t (  3 ) 
l l . s i n t C  45 ) 
m a k e .v e c to r ( i n t , n  )
The e x p r e s s io n  ty p e s  a r e  i n t  and t h e r e f o r e  on th e  main s t a c k ,  n 
g i v e s  th e  p o s i t i o n  o f  t h e  lower bound on th e  main s t a c k  r e l a t i v e  t o  th e  
s t a c k  fram e b a s e .  I t  i s  a  s im p le  m a t t e r  to  c a l c u l a t e  t h e  s i z e  o f  t h e  
v e c t o r ,  c r e a t e  i t  on t h e  heap  and f i l l  in  th e  e le m e n t s .  The second  form  of  
v e c t o r  c r e a t i o n  i s  g iv e n  by
v e c t o r  1 : ; 1 0 , 2 : : 1 1 , ...........   o f  " a b c "
w hich g e n e r a t e s
e v a l u a t e  t h e  bound p a i r s  on t h e  s t a c k  
e v a l u a t e  " a b c "  
i l i f f e . o p C  t , n  )
t  i s  th e  ty p e  o f  t h e  e x p r e s s io n  t o  be  t h e  v a lu e  o f  each  o f  t h e
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e le m en ts  o f  th e  l a s t  bound, n i s  t h e  number o f  bound p a i r s .  This  
i n s t r u c t i o n  i s  n o t  v e r y  e a s y  t o  implem ent a s  t h e  c r e a t i o n  o f  th e  v e c to r  
e n t a i l s  t h e  r e c u r s i v e  c r e a t i o n  o f  t h e  c o n s t i t u e n t  v e c t o r s .
There a r e  a  number o f  i n s t r u c t i o n s  t o  a c c e s s  t h e  heap i t e m s ,  t h e  
m ost im p o r ta n t  b e in g  th e  s u b s c r i p t i n g  o p e r a t io n s  which h av e  t o  check  th e  
v e c t o r  bounds, t h e  s t r u c t u r e  c l a s s  or  th e  s t r i n g  s i z e .  The r u n  t im e  
s t r u c t u r e  c l a s s  c h e c k in g  o f  S - a l g o l  i s  pe rfo rm ed  by  t h e s e  i n s t r u c t i o n s .
Flow o f  C o n t ro l  I n s t r u c t i o n s
These i n s t r u c t i o n s  a r e  n e c e s s a r y  to  map th e  r i c h  s e t  o f  h ig h  
l e v e l  language  c o n s t r u c t s  i n  S - a lg o l  w hich  a l t e r  t h e  program  f lo w  o f  
c o n t r o l .  The f i r s t  p a i r  o f  t h e s e  i n s t r u c t i o n s  i s  u se d  to  implem ent t h e  
n o n - s t r i c t  v e r s i o n  o f  and and jor
E l o r  E2 => El j u m p t t ( 1 ) E2 1:
S in ce  t r u e  o r  a n y th in g  g i v e s  t r u e  and f a l s e  o r  a n y th in g  g iv e s  
a n y th i n g ,  ju m p t t  b r a n c h e s  i f  t h e  to p  s t a c k  e lem en t  i s  t r u e  and m ere ly  
r  amoves i t  o th  e r w i s e .
A nother S-code  i n s t r u c t i o n  i n  t h i s  s t y l e  i s  t h e  i n s t r u c t i o n  used  
t o  implement t h e  c a s e  c l a u s e ,  cjurap 
c a s e  EO o ^  EO
E l l , E 1 2 , .............E ln  : ElO E l l  c ju m p ( l l )  E12 c j u m p ( l l )  E ln  c ju m p ( l l )
jump (Ml) 11 : EO ju ra p (x i t )
 ............... E2n : E20 M1:E21 ............
d e f a u l t  : Ek+1 0 Mk:Ek+l 0
x i t  :
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The cjump i n s t r u c t i o n  t a k e s  t h e  to p  two s t a c k  e le m e n ts ,  t h e  s t a c k  
d e p e n d en t  on th e  t y p e ,  and i f  t h e y  a re  e q u a l  removes them b o th  and ju m p s .
O th e rw ise  i t  removes o n ly  t h e  to p  e le m e n t .
An u n c o n d i t i o n a l  jump and a jump i f  t h e  to p  s t a c k  e lem en t  i s
f a l s e  i s  s u f f i c i e n t  t o  implement t h e  and lo o p  c l a u s e s .
i f  E l th e n  E2 e l s e  => El ju m p f (1) E2 jump(m) 1: E3 m;
and
w h i l e  El E2 => 1: El jumpf(m) E2 ju m p ( l)  m:
A nother  v a r i a t i o n  i s  r e q u i r e d  t o  a l lo w  th e  c o e r c io n  from i n t  t o
r e a l  i n  a l l  c a s e s ,  c o n s id e r  t h e  exam ple
i f  E l th e n  1 e l s e  2 .0
I t  i s  n o t  u n t i l  t h e  2 .0  i s  com piled  t h a t  t h e  c o m p ile r  r e a l i s e s
t h a t  1 sh o u ld  1 .0 .  The f o l lo w in g  code sequence  i s  a p p l i c a b l e  t o  t h e
g e n e r a l  c a s e .
El ju m p f (1) 1 1 . i n t (1) jump(m) l ; l l . r e a l ( 2 . 0 )  jum p(n) m : f l o a t . o p ( 1) n :
The f o r  c l a u s e  i s  c o n t r o l l e d  by  two i n s t r u c t i o n s ,  one t o  p e rfo rm  
t h e  t e s t  a t  t h e  b e g in n in g  o f  t h e  lo o p  and one t o  p e rfo rm  th e  s t e p  a t  t h e
en d .  The code g e n e r a te d  f o r  t h e  f o r  c l a u s e  i s
f o r  i  = El t ^  E2 E3 ^  E4
El E2 E3 l : f o r t e s t ( m )  E4 f o r s t e p ( l )  m;
The c o n t r o l  c o n s t a n t ,  l i m i t  and in c re m e n t  a r e  a t  t h e  to p  o f  t h e
m ain  s t a c k .  The f o r t e s t  i n s t r u c t i o n  d e c id e s  i f  t h e  loop  i s  f i n i s h e d  and
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jumps i f  i t  i s .  This  i s  u se d  in  c o n ju n c t io n  w i th  t h e  f o r s t e p  i n s t r u c t i o n  a t  
t h e  end o f  t h e  loop  which adds t h e  in c re m e n t  t o  th e  c o n t r o l  c o n s ta n t  and 
jumps back  t o  t h e  b e g in n in g  o f  t h e  lo o p .  N o t ic e  t h a t  t h e  l i m i t  , in c re m e n t  
and i n i t i a l  v a lu e  a r e  o n ly  c a l c u l a t e d  once b e fo r e  t h e  s t a r t  of  t h e  lo o p .
F i n a l l y ,  under  f low  o f  c o n t r o l  i n s t r u c t i o n s  t h e  code seq u en ces  t o  
p e rfo rm  p ro c e d u re  e n t r y  and e x i t  a r e  exam ined . The code t o  c a l l  a p ro c e d u re  
i s
mst . l o a d
e v a lu a t e  t h e  p a ra m e te r s  
a p p ly .o p (  m,n )
The m s t . l o a d  i n s t r u c t i o n ,  o f  which t h e r e  a r e  t h r e e  forms 
depend ing  on th e  scope  o f  t h e  p r o c e d u r e ,  lo a d s  t h e  c l o s u r e  on t o  th e  to p  o f  
t h e  s t a c k  and l e a v e s  s p a c e  f o r  t h e  dynamic l i n k ,  t h e  s t a t i c  l i n k  and th e  
r e t u r n  a d d r e s s .  A f t e r  t h e  p a ra m e te r  e x p r e s s io n s  have  been e v a lu a t e d  on t h e  
s t a c k ,  a p p ly .o p  i s  u se d  t o  c a l l  t h e  p r o c e d u r e .  The numbers m and n g iv e  
t h e  p o s i t i o n s  o f  t h e  new v a lu e s  o f  SF and PSF r e l a t i v e  t o  SP and PSP 
r e s p e c t i v e l y .
Apply o p e r a t e s  l i k e  t h i s
a .  F i l l  i n  t h e  dynamic l i n k  w i th  t h e  v a lu e  o f  SF
b .  C a l c u la t e  new SF = SP -  m and PSF = PSP -  n
c .  F i l l  i n  th e  p o i n t e r  s t a c k  l i n k  w i th  PSF
d .  F i l l  i n  t h e  r e t u r n  a d d re s s
e .  Move th e  c o n te n t s  o f  t h e  s t a c k  l o c a t i o n  p o i n te d  
a t  by SF t o  CP. T his  w i l l  p e r fo rm  th e  b r a n c h .
The code f o r  t h e  p ro c e d u re  i t s e l f  i s  s u r ro u n d e d  by  th e  two 
i n s t r u c t i o n s  e n t e r  and r e t u r n .  E n te r  has two p a ra m e te r s  w hich a r e  th e
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maximum amount of  s t a c k  s p a c e ,  on e a ch  s t a c k ,  t h a t  t h e  p ro c e d u re  may 
r e q u i r e .  The e n t e r  i n s t r u c t i o n  checks  t h a t  t h e  space  i s  a v a i l a b l e .  On some 
m achine  a r c h i t e c t u r e s  e . g .  M u l t i c s  t h i s  i s  n o t  n e c e s s a r y .  The r e t u r n  
i n s t r u c t i o n  i s  more complex and works l i k e  t h i s .
a .  Move t h e  r e s u l t  o f  t h e  p r o c e d u re ,  i f  any , a t  SP o r
PSP to  t h e  new s t a c k  to p  a t  SF o r  PSF and s e t  SP
and PSP t o  t h e s e  v a l u e s .
b .  Move t h e  dynamic l i n k  to  SF
c .  Move t h e  p o i n t e r  s t a c k  l i n k  o f  t h e  uncovered  fram e
t o  PSF
d .  Move th e  r e t u r n  a d d re s s  t o  CP 
l ï tp u t  and O utpu t
The S -code m achine s u p p o r t s  b i n a r y  and c h a r a c t e r  I /O  s t r e a m s .  
These  a r e  im plem ented as  f i l e s  i n  t h e  lan g u ag e  and a l lo w  th e  u s e r  to  r e a d  
o r  w r i t e  t h e  a p p r o p r i a t e  d a ta  t y p e s .  Read f u n c t i o n s  a r e  d e f in e d  to  r e a d  
i n t s ,  r e a l s ,  b o o ls  and s t r i n g s  and some o t h e r s  t o  m a n ip u la te  t h e  s t r e a m .  
The w r i t e  f u n c t i o n s  g iv e  t h e  e q u i v a l e n t  power f o r  o u tp u t  and c o n ta i n  some 
a d d i t i o n a l  f o r m a t t i n g  c a p a b i l i t y .  The o b j e c t s  i n  c h a r a c t e r  form may be 
w r i t t e n  o u t  i n  s p e c i f i e d  f i e l d  w id th s  w ith  more p ow erfu l  f u n c t i o n s  f o r  th e  
r e a l .
The a b s t r a c t  m achine does n o t  d e f i n e  how th e  f i l e  sh o u ld  be 
im plem ented as i t  i s  f e l t  t h a t  t h i s  may c o n s t r a i n  t h e  b e s t  e n v ironm en ts
e . q .  UNIX to  th e  low l e v e l  s e r v i c e  o f  some s y s te m s .  I t  i s  t h e r e f o r e  l e f t  to  
t h e  im plem entor to  o r g a n i s e  t h i s .
66
5 .1 0  C o n c lu s io n s
I t  can be r e a d i l y  seen  t h a t  t h e  S -code m achine r e t a i n s  t h e  s p i r i t  
of t h e  b e t a  m achine f o r  i t s  s t a c k  e n v iro n m e n ts .  The d i s p l a y  mechanism i s  
however gone. I t  was n e c e s s a r y  t o  add a heap  t o  t h e  m achine t o  implem ent 
v e c t o r s ,  s t r u c t u r e s  and s t r i n g s .  The p rob lem  o f  i d e n t i f y i n g  th e  p o i n t e r s  on 
t h e  s t a c k  a t  g a rb a g e  c o l l e c t i o n  t im e  l e a d  t o  th e  im p le m e n ta t io n  o f  a  second  
s t a c k  f o r  t h e  p o i n t e r s  o n ly .  This  c o m p l ic a te s  t h e  a b s t r a c t  m achine b u t  i t  
i s  f e l t  t h a t  i t  s o lv e s  t h e  o r i g i n a l  p rob lem  so  w e l l  t h a t  t h e  c o m p le x i ty  i s  
a good in v e s tm e n t .
The im p le m e n ta t io n  o f  S - a l g o l  on a m achine w i th  two s t a c k s  and a 
heap  r e q u i r e s  t h a t  t h e  a b s t r a c t  m achine code w i l l  b e  d i f f e r e n t  from  o th e r  
a b s t r a c t  machine c o d e s .  However, a  l o t  o f  t h e  i n s t r u c t i o n s  a r e  common to  
m ost r e v e r s e  p o l i s h  m ach ines  and i t  i s  on ly  th e  a r c h i t e c t u r e  o f  t h e  S- 
m ach ine  t h a t  makes t h e  i n s t r u c t i o n s  d i f f e r e n t .  There a r e  a l s o  some new 
i n s t r u c t i o n s  which a l lo w  t h e  more e s o t e r i c  S - a lg o l  c o n s t r u c t s  t o  be 
im plem ented  a t  a  f a i r l y  h ig h  l e v e l .
I t  was one o f  t h e  d e s ig n  aim s o f  S - a l g o l ,  t h a t  t h e  u s e r  sh o u ld  
n o t  know o r  n o t  need t o  know, t h e  d i f f e r e n c e  betw een s t a c k  and heap 
o b j e c t s .  Under t h e  r u l e  o f  o r th o g o n a l  d e s ig n  a l l  t h e  d a ta  ty p e s  have  t h e  
same r i g h t s . I t  i s  t h e r e f o r e  n e c e s s a r y  to  r e u s e  th e  heap  j u s t  as  t h e  s t a c k  
i s  r e u s e d .  T h is  i n t r o d u c e d  th e  g a rb a g e  c o l l e c t o r  w hich i n  t u r n  l e d  to  th e  
i n v e n t i o n  o f  t h e  two s t a c k s .  Thus, t h e  two s t a c k s  and a heap  a r c h i t e c t u r e  
i s  a r r i v e d  a t .
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A* S- a l g o l  Imp1ement a t i o n
T his  s e c t i o n  d e s c r i b e s  t h e  im p le m e n ta t io n  o f  S - a l g o l  on th e  PDPll
com puter  ru n n in g  unde r  th e  UNIX o p e r a t i n g  sys tem  [53] • The main c o n s t r a i n t s
on t h i s  sy s tem  a r e  t h a t  t h e  PDPll i s  a 16 b i t  word m achine w ith  a  u s e r
a d d r e s s  sp ace  maximum of 64K b y t e s .  T his  im m ed ia te ly  g i v e s  r i s e  t o  sp ace
p ro b le m s .  O th e rw ise  t h e  UNIX env ironm en t i s  v e r y  f r i e n d l y  and i s  e s p e c i a l l y  
s u i t e d  to  t h e  im p le m e n ta t io n  o f  S - a lg o l  f i l e s .
The sp a c e  c o n s t r a i n t  o f  t h e  PDPll l e a d s  t o  a  s e v e r e  r e s t r i c t i o n
on t h e  s i z e  o f  program  t h a t  can be  r u n .  A compact form  o f  code i s  r e q u i r e d
and an  i n t e r p r e t i v e  sys tem  i s  t h e  s o l u t i o n .  The c o m p ile r  p ro d u ces  a  fo rm  of  
S-code which i s  th e n  i n t e r p r e t e d .  Of c o u r s e ,  s i n c e  t h e  c o m p i le r  i s  w r i t t e n  
i n  S - a l g o l ,  i t  i s  i t s e l f  i n t e r p r e t e d .  I n  C hap te r  8 , t h i s  d e c i s i o n  i s
j u s t i f i e d  by th e  s u b s e q u e n t  m easurem ent o f  t h e  sy s te m . Speed has  been
t r a d e d  f o r  s p a c e .
The S -code  m achine i s  l a i d  o u t  i n  s t o r e  th u s
IIS -code  I Heap -■I_ _ _ _ _ _ _ I_ _ _ _ _ _ _ _
— >
P o in te r
<--------------
s t a c k
Main
< ---------------
s t a c k
F ig u re  6 .1
The s i z e s  o f  t h e  v a r i o u s  components a r e  ro u g h ly  4K b y t e s  main 
s t a c k  and 2K p o i n t e r  s t a c k  w i th  an 8K i n t e r p r e t e r .  The S -code  s i z e  depends 
on t h e  program  b e in g  run  and  th e  heap  u s e s  t h e  r e s t  o f  t h e  64K b y t e s .
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The PDPll r e g i s t e r s  a r e  used th u s
rO g e n e r a l r l g e n e r a l
r2 code p o i n t e r  CP r3 p o i n t e r  s t a c k
r4 s t a c k  f r o n t  SF r5 p o i n t e r  s t a c k
r6 s t a c k  top  SP r7 PDPll program
Note t h a t  t h e r e  a r e  n o t  enough PDPll r e g i s t e r s  t o  accommodate SB 
and PSB which h av e  t o  b e  im plem ented  as s t o r e  l o c a t i o n s .
j6._l I n s t r u c t i o n  S e t  D e s ig n
The i n s t r u c t i o n  s e t  cod ings  were chosen i n  t h e  f i r s t  i n s t a n c e  f o r  
s i m p l i c i t y .  T h is  i s  b a s e d  on t h e  b e l i e f  t h a t  t h e  o n ly  method o f  p e r fo rm in g  
o p t i m i s a t i o n  i s  t o  m easure  t h e  sy s tem  f i r s t  t o  f i n d  o u t  where t o  o p t im i s e .  
The f i r s t  s o l u t i o n  t o  t h e  p rob lem  sh o u ld  in v o lv e  t h e  d e s i g n e r ' s  i n t u i t i v e  
i d e a s  of e f f i c i e n c y  b u t  t h i s  s h o u ld  n o t  be  o f  o v e r r i d i n g  im p o r ta n c e  a t  
l e a s t  u n t i l  some m easurem ent s t a t i s t i c s  a r e  a v a i l a b l e .  I t  i s  t h e r e f o r e  t h e  
aim to  d e s ig n  a  s im p le  sy s tem  w hich  can be  e a s i l y  m easu red .
The PDPll i s  a  16 b i t  word computer w i th  t h e  c a p a b i l i t y  o f  
a d d r e s s in g  h a l f  words o r  b y t e s .  I t  was d e c id e d ,  i n  t h e  f i r s t  i n s t a n c e ,  t o  
d e s ig n  th e  i n s t r u c t i o n  s e t  so  t h a t  one word would h o ld  a com ple te  S -code  
i n s t r u c t i o n .  I t  was r e a l i s e d  t h a t  t h i s  m ight n o t  be t h e  most e f f i c i e n t  
m ethod s in c e  u s in g  a b y te  o r i e n t a t e d  sy s te m  w i th  long  and s h o r t  i n s t r u c t i o n  
forms may produce  a  b e t t e r  s o l u t i o n  to  th e  d e s ig n  aim o f  compact code . Only 
m easurem ent o f  t h e  r e s u l t s  would p r o v id e  t h e  answer t o  t h i s .
The c o n s t r a i n t s  on such  a d e s ig n  a r e  t h a t  i n  o r d e r  to  f i t  b o th  
t h e  o p e r a t i o n  and th e  a d d re s s  i n t o  16 b i t s ,  t h e  a d d re s s  must have  a f i x e d  
maximum s i z e .  T h i s ,  a lo n g  w i th  t h e  knowledge o f  t h e  work done by W ilne r  
[54] on b i t  a d d r e s s a b l e  m ach ines  l e d  t o  t h r e e  fo rm a ts  f o r  t h e  i n s t r u c t i o n
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s e t .  These a r e
4 b i t  i n s t r u c t i o n s
b i t  15 1 t o  i d e n t i f y  t h e s e
b i t s  12-14 o p e r a t i o n  code
b i t s  0-11 code a d d re s s
T his  fo rm a t  of i n s t r u c t i o n  i s  u sed  f o r  t h e  jump i n s t r u c t i o n s .  
T h e re  a r e  o n ly  e i g h t  c o d e s .  The jump a d d re s s  i s  r e s t r i c t e d  t o  4096 which i s  
n o t  v e ry  l a r g e .  S in c e  S - a lg o l  program s can n o t  jump o u t  o f  t h e  p rocedu re ,  
segm ent th en  th e  jump a d d re s s  can be  r e l a t i v e  t o  th e  segment b a s e .  Thus t h e  
r e s t r i c t i o n  o f  4096 b y t e s  o f  i n t e r p r e t i v e  code i n  each  segm ent i s  q u i t e  
l a r g e .
6 b i t  o p e r a t i o n s
b i t s  14-15 01 t o  i d e n t i f y  t h e s e
b i t s  10-13 o p e r a t i o n  code
b i t s  0-9 s t a c k  a d d re s s
T his  fo rm a t  i s  u s e d  f o r  t h e  i n s t r u c t i o n s  w hich in v o lv e  a s t a c k
a d d r e s s .  These  i n s t r u c t i o n s  su c h  as  l o c a l ,  g l o b a l ,  p l o c a l  e t c .  a r e
r e s t r i c t e d  t o  a  t e n  b i t  a d d r e s s .  That i s ,  t h e  maximum number o f  s t a c k  
e le m e n ts  p e r  s t a c k  fram e i s  512.
9 b i t  o p e r a t i o n s
b i t s  14-15 00 t o  i d e n t i f y  t h e s e
b i t s  7-13 o p e r a t i o n  code
b i t s  0-6  ty p e
These i n s t r u c t i o n s  u s u a l l y  have  t h e  ty p e  o f  t h e  i n s t r u c t i o n  
o p e ran d  encoded i n  t h e  bo t to m  se v en  b i t s .  Of c o u r s e ,  some i n s t r u c t i o n s  do
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n o t  f i t  any  o f  t h e s e  fo rm a ts  and u s u a l l y  have  t h e  f i r s t  word in  a fo rm a t
w i th  a second  word o f  in f o r m a t io n  f o l lo w in g  im m e d ia te ly .
T h is  ty p e  o f  o r g a n i s a t i o n  r e q u i r e s  some in v o lv e m e n t  by th e
c o m p i le r .  I t  was d e c id e d  t o  s i m p l i f y  a f f a i r s  by h a v in g  no l o a d e r .  The
c o m p i le r  would p ro d u ce  t h e  S -code  w hich  would b e  d i r e c t l y  e x e c u ta b le  by th e
i n t e r p r e t e r .  T h is  i s  a lw ays d i f f i c u l t  f o r  a one p ass  co m p ile r  c o m p i l in g  a
b lo c k e d  s t r u c t u r e d  la n g u a g e .  C o n s id e r  t h e  example
p ro c e d u re  a 
b e g in
p r o c e d u re  b 
b e g in
end
end
The problem s a re  tw o f o ld .
a .  The code w i l l  b e  p roduced  w i th  t h e  p ro c e d u re s  mixed up and
b .  Forward r e f e r e n c e s  a r e  d i f f i c u l t  t o  r e s o l v e .
The f i r s t  p rob lem  i s  t h a t  t h e  p ro c e d u re s  a r e  n o t  s e p a r a t e  code 
se g m e n ts .  T his  h a s  been  t r a d i t i o n a l l y  s o lv e d  [43] by  p l a n t i n g  a  b ra n c h  
round th e  i n n e r  p ro c e d u re  so t h a t  i t  w i l l  n o t  be e x e c u te d  a t  t h e  p o in t  of
d e c l a r a t i o n .  That s o l u t i o n  a g g r a v a te s  t h e  prob lem  o f  t h e  maximum code
d i s p la c e m e n t  from  th e  segment b a s e  b e in g  4096 b y t e s .
The second  prob lem  i s  t h a t  a  fo rw ard  r e f e r e n c e  c a n n o t  be r e s o l v e d  
once  th e  code has  been w r i t t e n  o u t .  The s o l u t i o n  i s  t h e  same f o r  b o th
p ro b le m s.
A v e c to r  i s  u s e d  in  t h e  c o m p ile r  t o  h o ld  t h e  code p ro d u ce d .
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Forw ard r e f e r e n c e s  can t h e r e f o r e  be  back  p a tc h e d  in  t h i s  v e c t o r .  At t h e  end 
o f  t h e  p ro c e d u re  d e c l a r a t i o n  , t h e  code f o r  t h e  p ro c e d u re  can be o u tp u t  and 
t h e  i n s t r u c t i o n  to  lo a d  i t s  c lo s u r e  l e f t  i n  i t s  p l a c e .  Thus t h e  p ro c e d u re s  
a r e  in d e p e n d e n t  segm ents o f  code .
The e f f e c t i v e n e s s  o f  t h e  i n s t r u c t i o n  s e t  d e s ig n  i s  d i s c u s s e d  in  
C h a p te r  7 b u t  a s  a  f i r s t  guess  i t  seems t o  have been good. On a s t a t i c  
a n a l y s i s  o f  t h e  S -code  f o r  t h e  c o m p i le r  i t s e l f ,  th e  number o f  b i t s  r e q u i r e d  
to  r e p r e s e n t  a l l  t h e  o p e r a t i o n  codes was 58 ,542 a g a i n s t  a  t h e o r e t i c a l  
minimum [55] of 4 3 ,0 9 6 .
A d e s c r i p t i o n  o f  each  i n s t r u c t i o n  in  t h e  PDPll S -co de  i s  g iv en  in  
Appendix IV and th e  i n s t r u c t i o n  co d in g s  in  Appendix V.
A’Â The S ta ck s
The PDPll com puter has i n s t r u c t i o n  modes w hich a l lo w  th e  s t o r e  t o  
b e  m a n ip u la te d  as  a  s t a c k .  These a d d r e s s in g  modes a r e  a u to in c re m e n t  which 
f e t c h e s  t h e  operand  and in c re m e n ts  t h e  r e g i s t e r  p o i n t i n g  a t  i t ,  and 
a u to d e c re m e n t  w hich  dec rem en ts  t h e  r e g i s t e r  and u s e s  i t  a s  t h e  a d d re s s  of  
t h e  o p e ra n d .  One consequence  o f  t h i s  i s  t h a t  t h e  PDPll s t a c k s  ru n  backw ards 
from  s t o r e  h ig h  a d d r e s s e s  t o  s t o r e  low a d d r e s s e s .  S ta ck  i te m s  n o t  a t  t h e  
top  of t h e  s t a c k  a r e  u s u a l l y  a d d re s s e d  by a d i s p l a c e m e n t .  I n  t h e  PDPll 
im p le m e n ta t io n  t h i s  d i s p la c e m e n t  i s  s u b t r a c t e d  from and n o t  added t o  th e  
s t a c k  frame b a se  t o  f i n d  t h e  c o r r e c t  i te m  a d d r e s s .
The l a y o u t  of t h e  MSCW i s  now
I RA I LN i PSL I DL | 8 1  j @ P  |
SF
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The p o s i t i o n  o f  SF i s  c o n v e n ie n t  f o r  p ro c e d u re  e x i t .  The l i n e  
number LN i n  t h e  MSCW i s  th e  number o f  t h e  l i n e  t h a t  was e x e c u t in g  p r i o r  to  
t h e  p ro c e d u re  b e in g  c a l l e d .  I n  t h e  PDPll sy s tem  t h e r e  i s  a  l o c a t i o n  which 
c o n ta i n s  t h e  number o f  t h e  l i n e  b e in g  e x e c u te d .  This  l o c a t i o n  i s  u p d a te d  by  
t h e  new line  i n s t r u c t i o n .  On p ro c e d u re  e n t r y  and e x i t  t h e  l o c a t i o n  v a lu e  
m ust be s t o r e d  i n  t h e  MSCW and r e s t o r e d  from  i t  r e s p e c t i v e l y .  I t  i s  u se d  
f o r  d i a g n o s t i c  p u r p o s e s .
The o n ly  o t h e r  u n u s u a l  u se  o f  t h e  s t a c k  i s  t h a t  t h e  r e s e r v e d  
i d e n t i f i e r s  a re  d e c l a r e d  as t h e  f i r s t  s t a c k  e lem en ts  i n  t h e  g l o b a l  s t a c k  
f ra m e .  These v a lu e s  must be  i n i t i a l i s e d  by  th e  i n t e r p r e t e r  b e f o r e  program  
e x e c u t io n .
The heap
There  a r e  t h r e e  heap  o b j e c t s  s t r i n g s ,  v e c t o r s  and s t r u c t u r e s .  The 
empty s t r i n g  i s  r e p r e s e n t e d  by  a n i l  p o i n t e r  on th e  p o i n t e r  s t a c k  so  t h a t  
t h e  heap does n o t  r e q u i r e  s p e c i a l  a r ran g em en ts  f o r  them . The i n s t r u c t i o n s  
which m a n ip u la te  t h e  s t r i n g s  must t a k e  a c c o u n t  of t h i s .  There  i s  no way in  
which a u n i n i t i a l i s e d  v e c t o r  o r  s t r u c t u r e  can be o b ta in e d  in  t h e  la n g u a g e .  
The manner i n  w hich  t h e  heap  i te m s  a r e  r e p r e s e n t e d  i s  a s  f o l l o w
S t r i n g s
word 0
b i t s  14-15 10 i f  a  s t r i n g
b i t  13 0
b i t  12 mark b i t  f o r  t h e  g a rb a g e  c o l l e c t o r
b i t s  0-11 number o f  c h a r a c t e r s  i n  t h e  s t r i n g
T h is  i s  fo l lo w e d  by t h e  s t r i n g  e lem en ts  one t o  a b y te  w i th  t h e  l a s t  b y te  
s p a r e  i f  t h e r e  a r e  an odd number o f  c h a r a c t e r s .
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V e c to rs
word 0
b i t s  14-15 00 
b i t  13 1
b i t  12 
b i t s  0-11
i f  v e c to r
i f  e lem en ts  a r e  p o i n t e r s  
mark b i t  f o r  ga rb a g e  c o l l e c t i o n  
s i z e  o f  th e  v e c to r  on th e  heap
word 1 low er bound
The upper  bound i s  found  from  t h e  e q u a t io n
s i z e  = ( upb -  Iwb + 1  ) * 2 + 4
S t r u c t u r e s  
word 0
b i t s  14-15 01 
b i t  13 1
b i t  12 
b i t  0-11
i f  a  s t r u c t u r e
i f  i t  c o n ta in s  p o i n t e r s
mark b i t  f o r  ga rb ag e  c o l l e c t i o n
t ra d e m a rk
The s t r u c t u r e  im p le m e n ta t io n  i s  p e rh a p s  t h e  most c l e v e r  o f  th e  
t h r e e .  The aim i s  t o  r e d u c e  t h e  o v e rh e a d  o f  h o u se k e e p in g  in fo r m a t io n  on 
each  s t r u c t u r e .  However, t h e  s t r u c t u r e  must c a r r y  i t s  t ra d e m a rk  f o r  
s t r u c t u r e  c l a s s  c h e c k in g ,  an i n d i c a t i o n  o f  which f i e l d s  a r e  p o i n t e r s  f o r  
s t r u c t u r e  c r e a t i o n  and g a rb a g e  c o l l e c t i o n  and i t s  s i z e  on th e  heap  a l s o  f o r  
ga rbage  c o l l e c t i o n .  The t ra d e m a rk  i s  k e p t  w i th  t h e  s t r u c t u r e  and i s  u s e d  as 
a  u n iq u e  p o i n t e r  f o r  t h a t  s t r u c t u r e  c l a s s  i n t o  th e  s t r u c t u r e  t a b l e .  The 
s t r u c t u r e  t a b l e  c o n ta i n s  t h e  s i z e  o f  t h e  s t r u c t u r e  on th e  heap  and the  
number of p o i n t e r s  i t  c o n ta i n s  f o r  e a c h  s t r u c t u r e  c l a s s .  Unknown to  th e  
u s e r  th e  co m p ile r  a r r a n g e s  t h e  p o i n t e r  f i e l d s  t o  be a t  one end o f  t h e  
s t r u c t u r e .  Thus, t h e  g a rb a g e  c o l l e c t o r  can f i n d  them a l l  by m e re ly  knowing
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how many t h e r e  a r e .  I t  can a l s o  f i n d  th e  s i z e  o f  t h e  i t e m  i n d i r e c t l y  from  
t h e  t ra d e m a rk .  The number o f  p o i n t e r  f i e l d s  i s  a l s o  r e q u i r e d  by th e  form  
s t r u c t u r e  i n s t r u c t i o n  t o  f i l l  th e  f i e l d s  from  th e  c o r r e c t  s t a c k .  T his  
a rra n g e m e n t  keeps t h e  amount of i n f o r m a t io n  s t o r e d  w i th  each  s t r u c t u r e  
i n c a r n a t i o n  t o  a  minimum.
_6.j4 F re e  Space L i s t
I n i t i a l l y  t h e  heap  i s  em pty. R eques ts  t o  form  v e c t o r s ,  s t r i n g s  
and s t r u c t u r e s  u s e  up th e  heap  s p a c e .  G arbage c o l l e c t i o n  f r e e s  t h i s  s p a c e  
when i t  i s  no lo n g e r  i n  u s e .  I f  t h e  g a rb a g e  c o l l e c t o r  i s  non co m p ac tin g ,
a s  i n  t h e  PDPll c a s e ,  t h e  s t o r e  may become f ra g m e n te d .  That i s ,  t h e  f r e e
s t o r e  may n o t  be  i n  one c o n t ig u o u s  b lo c k  b u t  i n t e r s p e r s e d  w i th  a l l o c a t e d  
heap  s t o r a g e .  When t h i s  i s  t h e  c a s e  a q u ic k  method o f  i d e n t i f y i n g  th e  f r e e
s t o r e  i s  r e q u i r e d  s i n c e  i t  i s  t h i s  f r e e  s t o r e  t h a t  w i l l  b e  u sed  when new
o b j e c t s  a re  form ed.
The PDPll im p le m e n ta t io n  o f  t h e  S - a lg o l  heap l i n k s  t h e  b lo c k s  o f
f r e e  s t o r e  t o g e t h e r  t o  form  t h e  f r e e  sp a ce  l i s t  ( FSL ) .  E very  b lo c k  o f
f r e e  s t o r e  c o n ta in s  two words a t  t h e  b e g in n in g  w hich c o n ta in
a .  A p o i n t e r  t o  th e  n e x t  b lo c k  o f  f r e e  s t o r e  o r  an 
i n d i c a t i o n  t h a t  t h i s  i s  t h e  l a s t  b lo c k  on th e  
c h a in
b .  The s i z e  o f  t h e  b lo c k
Every  f r e e  b lo c k  on th e  heap  must be a t  l e a s t  two words i n
l e n g t h .  S in g le  f r e e  words a r e  marked as su c h  and n o t  k e p t  on th  FSL. 
However, s i n c e  th e y  can be  r e c o g n i s e d  , t h e y  may be c o a le s c e d  i n t o  a  l a r g e r  
b lo c k  d u r in g  g a rb a g e  c o l l e c t i o n .
When a p i e c e  o f  s t o r e  i s  r e q u e s t e d ,  t h e  f r e e  sp a c e  l i s t  i s
75
s e a r c h e d  u s in g  a f i r s t  f i t  a lg o r i t h m .  I f  no b lo c k  o f  t h e  r e q u i r e d  s i z e  i s  
found  a g a rb a g e  c o l l e c t i o n  i s  p e r fo rm e d .  I f  t h e  s p a c e  s t i l l  c a n n o t  be 
found  th e  program  i s  t e r m in a t e d  as i t  i s  o u t  of s t o r e .  O th e rw ise  a b lo c k  
of s t o r e  has  been  fou n d .  There  a r e  t h r e e  p o s s i b i l i t i e s
a .  The b lo c k  f i t s  e x a c t l y
b .  The b lo c k  i s  one word too  b i g
c .  The b lo c k  i s  two o r  more words too  b i g
In  t h e  f i r s t  c a se  t h e  l i n k s  i n  t h e  FSL must be a l t e r e d  t o  remove
t h i s  b lo c k .  I n  t h e  second  c a s e  t h e  l i n k s  must be a l t e r e d  in  t h e  same way
and t h e  s p a re  word marked a p p r o p r i a t e l y .  I n  t h e  t h i r d  c a s e  t h e  b lo c k  lo o k s  
l i k e  t h i s
1 1 1 1 F ree  | | 1 1I R eques ted  |
j Space 1 S iz e  | t B lock 1
1 L in k  1 I 
1 1 1
1 1 
................1 .. 1
The r e q u e s t e d  s e c t i o n  o f  t h e  f r e e  b lo c k  i s  ta k e n  from  th e  to p  end 
o f  t h e  b l o c k .  T h is  means t h a t  o n ly  t h e  s i z e  f i e l d  i n  t h e  f r e e  b lo c k  need be  
u p d a te d .  The f r e e  l i s t  i s  h e ld  i n  a d d r e s s  o r d e r .
M arking th e  Heap
The f i r s t  p h ase  i n  c o l l e c t i n g  th e  unused s p a c e  on t h e  heap  i s  t o  
i d e n t i f y  t h e  u sed  s p a c e .  T his  i s  done by t a k in g  each  e lem en t  o f  t h e  a c t i v e  
p o i n t e r  s t a c k  and f o l lo w in g  a l l  t h e  p o i n t e r s  r e c u r s i v e l y .  The PDPll v e r s i o n  
t a k e s  th e  p o i n t e r  from  t h e  p o i n t e r  s t a c k  and p l a c e s  i t  on t h e  main s t a c k .
The e lem en t  t h a t  i t  p o i n t s  t o  i s  t h e n  marked and a l l  t h e  p o i n t e r s  i n  t h e
e le m en t  p la c e d  on th e  main s t a c k  o v e r w r i t i n g  th e  o r i g i n a l  p o i n t e r .  This
p r o c e s s  i s  r e p e a te d  u n t i l  no p o i n t e r s  a r e  l e f t  on t h e  main s t a c k .  Of
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c o u r s e ,  any  i te m  t h a t  i s  e n c o u n te re d  t h a t  h as  a l r e a d y  been  marked need n o t  
b e  fo l lo w e d  a g a in .  When f i n a l l y  a l l  th e  p o i n t e r  s t a c k  i tem s  have  been u s e d ,  
t h e  m arking  p h a se  i s  c o m p le te .
The sys tem  works w e l l  f o r  l a r g e  l i n k e d  l i s t s  s i n c e  o n ly  one
p o i n t e r  a t  a t im e  w i l l  b e  on t h e  main s t a c k .  V e c to rs  w i th  p o i n t e r  e le m en ts  
may cause  s i z e  problem s on t h e  main s t a c k  i f  t h e y  a r e  too  b i g .  However, i t  
s h o u ld  be p o s s i b l e  t o  w r i t e  a  m arker  t h a t  h a n d le s  t h e s e  two i tem s
d i f f e r e n t l y .
S t r i n g  l i t e r a l s  on t h e  PDPll v e r s i o n  a r e  k e p t  w i th  t h e  program  
c o d e .  These w i l l  b e  m arked . T h is  cou ld  b e  av o id e d  by  c h e c k in g  t h a t  t h e  
e le m e n t  b e in g  marked i s  i n  t h e  h e a p .  B u t ,  i t  i s  o f  no consequence  s in c e  
n o th in g  a p a r t  from  t h e  g a rb a g e  c o l l e c t o r  lo o k s  a t  t h e  mark b i t .
_6.j6 Garbage C o l l e c t i o n
Once th e  heap  h a s  been marked i t  i s  th e  jo b  o f  t h e  c o l l e c t i o n  
p h a s e  to  r e l e a s e  t h e  unused  s p a c e  on t o  th e  f r e e  l i s t .  T his  i s  a c h ie v e d  by 
lo o k in g  a t  e v e ry  heap  i te m  i n  t u r n .  The i te m  can be i n  one o f  f o u r  s t a t e s
a .  On th e  f r e e  l i s t
b .  A s i n g l e  f r e e  word
c .  A l l o c a t e d  b u t  n o t  marked
d .  A l l o c a t e d  and marked
The heap  and th e  f r e e  l i s t  a r e  scanned  s im u l ta n e o u s ly  in  a d d re s s
o r d e r .  I f  t h e  b lo c k  u n d e r  c o n s i d e r a t i o n  i s  m arked, t h e  g a rb a g e  c o l l e c t o r
unmarks i t  and s k ip s  over  i t .  I t  was e x p la in e d  e a r l i e r  how th e  s i z e  o f  t h e  
b lo c k  i s  fo u n d .  I f  t h e  b lo c k  i s  on th e  FSL i t  i s  s k ip p e d  o v e r .  B locks f r e e d  
by t h e  g a rb a g e  c o l l e c t o r  a r e  p la c e d  on th e  f r e e  l i s t .  As t h i s  i s  b e in g  done 
t h e  b lo c k s  a r e  c o a le s c e d  i n t o  l a r g e r  b lo c k s  i f  p o s s i b l e  by lo o k in g  a t  t h e
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a d ja c e n t  b l o c k s .  Any f r e e  s i n g l e  words may a l s o  be  made p a r t  of a  l a r g e r  
b lo c k  i f  p o s s i b l e .
T h is  method o f  g a rb a g e  c o l l e c t i o n  i s  e x t r e m e ly  s im p le  and v e r y  
e f f i c i e n t  i n  p e rfo rm a n c e .  Of c o u r s e ,  s i n c e  t h e  c o l l e c t o r  does n o t  compact 
t h e  f r e e  s p a c e ,  i t  t a k e s  lo n g e r  t o  a l l o c a t e  s t o r e  and some r e q u e s t s  may n o t  
b e  g r a n te d  even a l t h o u g h  t h e r e  was enough f r e e  s t o r e  a v a i l a b l e .  I t  i s  f e l t  
t h a t  th e  c o m p le x i ty  o f  w r i t i n g  a  com pacting  g a rb a g e  c o l l e c t o r  does n o t  
b a la n c e  t h e  a d v a n ta g e s .  The PDPll f r e e  s t o r e  a l l o c a t o r  and g a rb a g e  
c o l l e c t o r  i s  a b o u t  128 PDPll i n s t r u c t i o n s  which i s  v e r y  com pact.
j6._7 The I n p u t  O u tpu t System
F i l e s  a r e  f i r s t  c l a s s  d a t a  o b j e c t s  in  S - a l g o l .  However, t h e r e  i s  
no method of  c r e a t i n g  an  o b j e c t  o f  ty p e  f i l e  i n  t h e  la n g u a g e .  I t  i s  l e f t  t o  
t h e  i n d i v i d u a l  env ironm en t t o  p r o v id e  t h e  f a c i l i t i e s  f o r  f i l e  m a n ip u la t io n .  
I n  UNIX, t h e  f i l e  sy s tem  a l lo w s  th e  u s e r  to  c r e a t e  f i l e  d y n a m ic a l ly .  This
i s  r e f l e c t e d  i n  t h e  f a c i l i t i e s  t o  u s e  f i l e s  i n  t h e  UNIX v e r s i o n  o f  S - a l g o l .
There a r e  f i v e  s t a n d a r d  f u n c t i o n s  which u s e  f i l e s .
p ro c e d u re  open( s t r i n g  name ; i n t  mode -> f i l e  )
p ro c e d u re  c l o s e (  f  i l e  F )
p ro c e d u re  s e e k (  f i l e  F ; i n t  o f f s e t , p t r n a m e  ) 
p ro c e d u re  e o f (  f  i l e  F -> b o o l  )
p ro c e d u re  c r e a t e ( s t r i n g  name ; i n t  mode -> f i l e  )
The u se  o f  t h e s e  f u n c t i o n s  s h o u ld  be  f a i r l y  o b v io u s .
To c u t  down t h e  number o f  sy s te m  c a l l s  t h e  I /O  i s  b u f f e r e d .  The 
i / o d e s c r i p t o r  i s  a  p o i n t e r  t o  a v e c t o r  on th e  heap  w hich c o n ta in s  t h e
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b u f f e r .  This  b u f f e r  c o n ta i n s
a .  The number o f  i te m s  l e f t
b .  A p o i n t e r  t o  th e  n e x t  i te m
c .  A p o i n t e r  to  th e  s t a r t  o f  t h e  b u f f e r
d .  An end o f  f i l e  i n d i c a t o r
e .  A r e a d / w r i t e  i n d i c a t o r
f .  A 512 b y te  b u f f e r
The f i l e  may be  a  r e a d  f i l e ,  a  w r i t e  f i l e  o r  b o t h .  I f  i t  i s  b o th  
t h e n  s y n c h r o n i s a t i o n  can become a problem  and c a re  h a s  t o  be ta k e n  to  
overcome t h i s .  B e fo re  an y  r e a d  i s  p e r fo rm e d  on t h e s e  f i l e s  a  w r i t e  i s
e x e c u te d  i f  n e c e s s a r y .  This  g i v e s  t h e  i l l u s i o n  o f  u n b u f f e r e d  I/O  to  th e
u s e r  w i th  t h e  a d v a n ta g e s  o f  b u f f e r i n g  to  th e  sy s te m .
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2* System Measurement
The m easurem ent of any computer sy s tem  sh o u ld  t a k e  p l a c e  
th ro u g h o u t  t h e  l i f e t i m e  o f  t h e  sy s te m . S ince  t h e  S - a lg o l  sy s tem  i s  s t i l l  
b e in g  dev e lo p ed  th e  m easurem ent i s  n o t  co m p le te .  However, a number o f  
s o f t w a r e  t o o l s  have  been b u i l t  t o  e n a b le  an  i n i t i a l  a s se s s m e n t  o f  t h e  
im p le m e n ta t io n  t e c h n iq u e .  These t o o l s  a r e  c o n s id e r e d  o n ly  as a b a s i c  s e t  
and a r e  n o t  meant t o  be  e x h a u s t i v e .  They have  been  chosen  c a r e f u l l y  t o  g iv e
a  r e a s o n a b le  p i c t u r e  o f  th e  r e a l  sy s te m .
2 * 2  Flow Summary
The f i r s t  t o o l  i s  t h a t  of a  f low  t r a c e  summary. The u s e r  can 
i n d i c a t e  t o  t h e  co m p ile r  t h a t  t h i s  i s  r e q u i r e d  and when th e  program  i s  ru n  
i n f o r m a t io n  i s  c o l l e c t e d  on how many t im es  each  l i n e  o f  s o u rc e  code i s
e x e c u t e d .
The u s e r  can th e n  have  t h i s  in f o r m a t io n  p r i n t e d  o u t  and an 
example of t h e  f a c i l i t y  i s  g iv e n  i n  Appendix I I .  From t h e  summary i t  can be  
s e e n  where t h e  program  spends  i t s  t im e .  Knuth [56] has s u g g e s te d  t h a t
85-90% o f  th e  t im e  ta k e n  i n  a  program  comes from  5-10% of t h e  code . The 
f lo w  summary f a c i l i t y  a l lo w s  t h e  programmer to  f i n d  t h a t  5% and o p t im is e  i f  
n e c e s s a r y .  T h i s ,  o f  c o u r s e ,  i s  e x t r e m e ly  u s e f u l  in  t h e  a s s e s s m e n t  o f  any  
a l g o r i t h m  s i n c e  i t  i s  n o t  a lw ays  obv ious  what t h e  r e s u l t s  w i l l  b e .
When a p p l i e d  t o  th e  c o m p i le r  i t s e l f  t h e  a r e a s  o f  s o u rc e  code
w hich were e x e c u te d  th e  most were p a r t s  o f  t h e  l e x i c a l  a n a l y s i s  and th e
en v ironm en t h a n d l e r .  U sing  t h i s  in f o r m a t io n  an  improvement which i s
d i s c u s s e d  l a t e r  was made t o  th e  c o m p i le r .
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2 * 2  s t a t i c  Code A n a ly s is
This  t o o l  was b u i l t  t o  a l lo w  th e  im p lem en to r  to  a s s e s s  th e  
e f f e c t i v e n e s s  o f  t h e  i n s t r u c t i o n  c o d in g s  w ith  r e g a r d  t o  s p a c e .  I t  was
o r i g i n a l l y  b u i l t  f o r  th e  PDPll i n t e r p r e t i v e  sy s tem  b u t  could  be e a s i l y  
a p p l i e d  to  a  code g e n e r a t i o n  sy s tem  a s  w e l l .  The program  w i l l  a n a ly s e  t h e  
code o u tp u t  by t h e  c o m p ile r  and p r i n t  o u t  t h e  number o f  o c c u r r e n c e s  o f  each  
i n s t r u c t i o n .  The s p a c e  t a k e n  up by th e  o p e r a t io n  codes and th e  d a ta  i s  th e n  
c a l c u l a t e d  fo l lo w e d  by a Huffman [55] c od ing  to  g iv e  a t h e o r e t i c a l  minimum.
This  t o o l  a l lo w s  t h e  im p lem en to r  to  e x p e r im e n t  w i th  d i f f e r e n t
i n s t r u c t i o n  e n c o d in g s  and c a l c u l a t e  t h e i r  e f f e c t  on t h e  code s i z e .  
P r e d i c t i o n s  can a l s o  be  made on how much s p a c e  an im p le m e n ta t io n ,  
i n t e r p r e t i v e  o r  code g e n e r a t i v e ,  w i l l  u s e .
2 * 2  Dynamic I n s t r u c t i o n  A n a ly s is
The f i n a l  t o o l  t h a t  was d e v e lo p e d  to  m easure  t h e  S - a lg o l  sy s tem  
was a dynamic i n s t r u c t i o n  c o u n t .  Every  t im e  an a b s t r a c t  m achine 
i n s t r u c t i o n  i s  e x e c u te d ,  t h e  c o u n t  f o r  t h a t  i n s t r u c t i o n  i s  in c re m e n te d .  By 
w e ig h t in g  each  i n s t r u c t i o n  a c c o r d in g  t o  i t s  e x e c u t io n  t im e ,  an e s t i m a t e  o f  
t h e  t o t a l  sys tem  ru n  t im e  can be made. A l t e r i n g  one o f  t h e  i n s t r u c t i o n  
w e ig h t in g s  w i l l  g iv e  a new e s t i m a t e  f o r  t h e  t o t a l  t im e .  T h e r e f o r e ,  t h i s  may 
be  used  t o  i d e n t i f y  t h e  most commonly used  i n s t r u c t i o n s  and to  m easure t h e  
e f f e c t  on th e  speed  o f  t h e  sy s tem  i n  im prov ing  t h e i r  im p le m e n ta t io n .  This  
t o o l  i s  a g a in  o n ly  o f  i n t e r e s t  t o  t h e  im p lem en to r .
2 * A  R e s u l t s
Appendix I I  g iv e s  t h e  r e s u l t s  o f  a l l  t h r e e  measurem ent t o o l s  on a
s m a l l i s h  program . To th e  u s e r ,  o n ly  t h e  f low  summary i s  o f  r e a l  u s e .
However, t o  t h e  im p lem en to r  o f  t h e  S - a l g o l  sy s tem  a l l  t h r e e  t o o l s  would be
I
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used  t o g e t h e r .  W ilne r  [54] s u g g e s t s  t h a t  o n ly  f i r s t  o r d e r  improvements a r e  
w o r th  a c h ie v in g  i n  a l t e r i n g  im p le m e n ta t io n s .  T h e r e a f t e r  a  law o f  
d im in is h in g  r e t u r n s  a p p l i e s .  F o r  g r e a t e r  e f f e c t  t h e  b a s i c  s o u rc e  a lg o r i th m s  
of t h e  program  must be  im proved . The a d v a n ta g e  o f  t h e  t h r e e  S - a lg o l  t o o l s  
i s  t h a t  t h e y  i d e n t i f y  t h e  s o u rc e  a r e a s  o f  i n t e r e s t  a s  w e l l  as g iv in g  
in f o r m a t io n  on t h e  e f f e c t i v e n e s s  o f  t h e  im provem en ts .
The m easurem ent sy s tem  was a p p l i e d  to  th e  c o m p i le r  i t s e l f  and a 
number of r e s u l t s  o b t a i n e d .  S in c e  t h e  c o m p ile r  i s  s t i l l  b e in g  improved th e  
f i g u r e s  q uo ted  a r e  v a l i d  o n ly  a t  t h e  t im e  o f  m easurem ent and do n o t  
n e c e s s a r i l y  r e f l e c t  t h e  p o s i t i o n  a t  t h e  p r e s e n t  t im e .  However, when 
co m par isons  have  been made c a re  has  been ta k e n  t h a t  l i k e  i s  b e in g  compared 
w i t h  l i k e .
The c o m p i le r ,  on c o m p i l in g  i t s e l f ,  was f i r s t  s u b j e c t e d  to  a  f low  
summary. One o f  t h e  a r e a s  w hich was found  to  be h e a v i l y  u se d  was t h e  
en v ironm en t h a n d l e r .  At t h i s  t im e  t h e  e n v ironm en t was h e ld  as a s im p le  
l i n k e d  l i s t  w i th  a  l i s t  su p e r im p o se d  on i t  t o  mark th e  b l o c k s .  The s t a t i c  
s i z e  of t h e  program  was 9492 words w ith  12 ,8 9 7 ,4 3 8  i n t e r p r e t i v e  
i n s t r u c t i o n s  b e in g  e x e c u te d  when t h e  program  was r u n .  The env ironm en t 
r e p r e s e n t a t i o n  was a l t e r e d  t o  a  l i n k e d  l i s t  of b i n a r y  t r e e s  as  d e s c r i b e d  in  
C h a p te r  4 .  The r e s u l t  was t h a t  t h e  co m p ile r  s i z e  rem ained  th e  same, a 
c o in c id e n c e ,  b u t  t h e  dynamic c o u n t  was red u ced  to  8 ,5 4 1 ,6 0 2  i n t e r p r e t i v e  
i n s t r u c t i o n  e x e c u t i o n s .  T h is  i s  an improvement o f  33.8%.
The S - a lg o l  c a s e  c l a u s e  a l l o w s  th e  u s e r  t o  s p e c i f y  th e  o r d e r  i n  
which to  lo o k  f o r  a  m a tc h .  By o r d e r i n g  th e  c a se  s e l e c t o r s  i n  o r d e r  o f  
dynamic f r e q u e n c y ,  t h e  t o t a l  number o f  i n s t r u c t i o n s  f o r  th e  above  sy s tem  
was f u r t h e r  red u c e d  to  7 ,7 4 5 ,1 2 5  i n s t r u c t i o n s .  This  i s  a f u r t h e r  r e d u c t io n  
o f  9.4%. This  i s  a  t y p i c a l  r e s u l t  o f  u s in g  th e  m easurem ent sy s te m  to  
improve th e  so u rc e  code . However, i t  s h o u ld  b e  remembered t h a t  t h e  changes
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r e f e r  t o  th e  dynamic e v a l u a t i o n  o f  one program  w i th  f i x e d  d a t a  and may n o t  
b e  a p p r o p r i a t e  i n  a l l  c a s e s .
The s t a t i c  a n a l y s i s  i s  u se d  t o  im prove th e  s t o r e  c o m p ac tion . I n  
one  v e r s i o n  o f  t h e  co m p ile r  i t  was found  t h a t  t h e r e  were 903 p ro c e d u re  
c a l l s .  The code f o r  a  p ro c e d u re  c a l l  c o n s i s t e d  o f
l o a d . c l o s u r e  
m a r k . s t a c k  
e v a l u a t e  p a ra m e te rs  
a p p ly
This  v e r s i o n  o f  t h e  c o m p ile r  c o n s i s t e d  o f  10813 w ords .  By 
com bining  t h e  l o a d . c l o s u r e  and m a r k . s t a c k  i n s t r u c t i o n s  a  s a v in g  o f  903 
words i s  made. This  i s  an 8.4% r e d u c t io n  i n  s p a c e .  T h is  meant a speed  
i n c r e a s e  a s  w e l l  s i n c e  o n ly  one i n s t r u c t i o n  has  now t o  be decoded .
A Huffman co d in g  was a l s o  pe rfo rm ed  on t h e  S-code  f o r  t h e  
c o m p i le r .  The r e s u l t  was t h a t  a  minimum o f  43,096 b i t s  were r e q u i r e d  to  
r e p r e s e n t  t h e  o p e r a t i o n  codes  i n  t h e  c o m p i le r .  The i n i t i a l  guess  a t  
i n s t r u c t i o n  fo rm a ts  o f  4 ,6  and 9 b i t s  r e q u i r e d  58 ,545 b i t s  w hich i s  73.6% 
of t h e  optimum. W ilne r  s u g g e s t s  t h a t  a  r e s u l t  as  good as t h i s  c o n s t i t u t e s  a 
good i n i t i a l  e s t i m a t e .
F i n a l l y ,  i n  C hap te r  5 an  a s su m p tio n  on th e  d i s t r i b u t i o n  o f  names 
be tw een  l o c a l ,  g l o b a l  and i n t e r m e d i a t e  e n v ironm en ts  was u se d  in  t h e  b a s i c  
d e s ig n  of t h e  S -code  m ach ine .  The s t a t i c  and dynamic c o u n ts  f o r  th e  
i n s t r u c t i o n s  which a c c e s s  t h e s e  v a lu e s  i s  now g iv e n  f o r  one v e r s i o n  o f  t h e  
c o m p i le r .
s t a t i c  coun t
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l o c a l 315 g l o b a l 234 lo a d  9
l o c a l a d d r 35 g lo b a l a d d r 101 lo a d a d d r  6
p l o c a l 599 p g l o b a l 636 p lo a d  12
p l o c a l a d d r 61 p g lo b a l a d d r 35 p lo a d a d d r  4
d l o c a l 10 d g lo b a l 3 d lo ad  0
m s t . l o c a l 76 m s t .g l o b a l 813 m s t . l o a d  14
T o t a l 1096 1822 45
% 37.0% 61.5% 1.5%
a ie  c o u n t
l o c a l 535,031 g l o b a l 594,308 lo a d  1,037
l o c a l a d d r 58,679 g lo b a l a d d r 145,219 lo a d a d d r  303
p l o c a l 888,766 p g lo b a l 696,610 p lo a d  3 ,406
p l o c a l a d d r 36,276 p g lo b a la d d r 71,540 p l o a d a d d r 1,001
d l o c a l 0 d g lo b a l 0 d lo a d  0
m s t . l o c a l 8 ,675 mst . g l o b a l 325,400 m s t . l o a d  180
T o t a l  1 ,5 2 7 ,427 1,833 ,077 5 ,927
% 45.4% 54.5% 0.1%
The a ssu m p tio n  t h a t  most names a r e  e i t h e r  l o c a l  o r  g l o b a l  i s  
b o rn e  ou t  by t h e  above  r e s u l t s ,  b u t  t h i s  may m ere ly  r e f l e c t  t h e  s t y l e  i n  
which th e  c o m p ile r  was w r i t t e n .
I n  t h e  f i n a l  a n a l y s i s  t h e s e  t o o l s  have  p ro v ed  v e r y  u s e f u l  and 
e f f e c t i v e .  P a r t  of t h e i r  s t r e n g t h  d e r i v e s  from  th e  f a c t  t h a t  t h e y  n o t  o n ly  
m easu re  an e x i s t i n g  sy s te m  b u t  can a l s o  be  used  to  p r e d i c t  t h e  e f f e c t  o f  an 
a l t e r a t i o n .  However, f u r t h e r  work must be pe rfo rm ed  b e f o r e  an y  m ajor  c la im s  
can  be made.
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2* C o n c lu s io n s
At t h e  end o f  any p i e c e  o f  work an a t t e m p t  s h o u ld  b e  made to  
a s s e s s  i t s  w o r th .  R e a l i s t i c a l l y  , quantum jumps in  r e s e a r c h  a r e  r a r e l y  
a c h ie v e d  and more o f t e n  sm a l l  a d d i t i o n s  t o  knowledge a r e  made. However, i t  
i s  from th e  b a s e  o f  t h e s e  sm a l l  a d d i t i o n s  t h a t  t h e  quantum jumps a r e  made. 
So much f o r  e x p e c t a t i o n .  What h a s  been a c h ie v e d ?
I t  was o b se rv e d  t h a t  ou r  g e n e r a l  p u rp o se  programming lan g u a g e s  
w ere  becoming i n t e l l e c t u a l l y  unm anageab le .  P r o g re s s  i n  lan g u a g e  d e s ig n  had  
b e e n  e q u a te d  w i th  c o n t in u o u s ly  p ro d u c in g  in n o v a t io n s  w i th o u t  much em phasis  
on how th e y  cou ld  b e  u s e d .  I t  was t h e r e f o r e  f e l t  t h a t  an a t t e m p t  t o  p l a c e  
lan g u a g e  d e s ig n  on a f i r m e r  b a s i s  was n e c e s s a r y .  Of c o u r s e ,  i t  i s  of l i t t l e  
u s e  p ro p o s in g  a  m ethodology  o f  l a n g u a g e  d e s ig n  w i th o u t  b e in g  p r e p a r e d  to  
p u t  i t  to  u s e .  A la n g u a g e  i n  t h e  a l g o l  t r a d i t i o n ,  c a l l e d  S - a l g o l ,  was 
d e s ig n e d  u n d e r  t h e  p ro p o se d  r u l e s  and im plem ented . This  t h e s i s  d e s c r i b e s  
t h a t  d e s ig n  m ethodology and th e  d e s ig n  and im p lem e n ta t io n  o f  S - a l g o l .
The s u c c e s s  o f  t h e  modern programming la n g u a g e s  i s  u s u a l l y  
d e p e n d en t  on th e  b a la n c e  betw een th e  d e s c r i p t i v e  power i t  a l lo w s  and th e  
e f f i c i e n c y  t h a t  i s  a c h ie v e d  on t h e  t a r g e t  m ach ine .  The f l a v o u r  o f  t h e  
lan g u a g e  depends on th e  em phasis  t h e  im p lem en to r  p l a c e s  on e i t h e r  a s p e c t .  
U n f o r tu n a t e l y  t h i s  has  l e d  t o  c o n fu s e d  and l a r g e  l a n g u a g e s ,  s i n c e  a 
d e c i s i o n  by an im plem en to r  t o  r e s t r i c t  some f a c i l i t y  on e f f i c i e n c y  g rounds  
i s  n o t  a lw ays c l e a r  to  th e  u s e r .  The d e s ig n  t e c h n iq u e  c o n fu s e s  t h e  two 
i s s u e s  and su c c e e d s  i n  s a t i s f y i n g  n e i t h e r .
T his  work has a t t e m p te d  t o  c l a r i f y  t h e  d e s ig n  p r o c e s s . One 
c o n c e s s io n  t o  e f f i c i e n c y  i s  made a t  t h e  s t a r t .  That i s ,  t h e  lan g u ag es  of 
i n t e r e s t  a r e  t h e  a l g o l s  and in  p a r t i c u l a r  th e y  have c o n c e p t u a l l y  i n f i n i t e  
r e u s a b l e  s t o r e s .
From th e n  on t h e  d e s ig n  p r o c e s s  c o n c e n t r a t e s  on th e  d e s c r i p t i v e
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power of th e  la n g u a g e ,  r e t u r n i n g  l a t e r  t o  th e  im p le m e n ta t io n  d e t a i l s .  This  
i s  n o t  t h e  end o f  t h e  s t o r y  how ever. M ere ly  removing th e  im p le m e n ta t io n  i n  
p a r t  from  t h e  d e s ig n  o f  t h e  lan g u a g e  does n o t  g u a ra n te e  a good l a n g u a g e .  
T h e r e f o r e  a  d e s ig n  m ethodology  i s  p ro p o se d  f o r  u s e .
The m ethodology  i s  b a s e d  a round  t h r e e  r u l e s  w hich a r e  w e l l  known 
to  w orkers  i n  t h e  f i e l d  o f  s e m a n t i c s .  They a re
a .  The p r i n c i p l e  o f  c o rre sp o n d en c e
b .  The p r i n c i p l e  o f  a b s t r a c t i o n
c .  The p r i n c i p l e  o f  d a t a  ty p e  c o m p le ten ess
H i t h e r t o  t h e s e  r u l e s  h av e  been u sed  in  t h e  a n a l y s i s  o f  lan g u a g e s
to  h i g h l i g h t  t h e i r  d i f f e r e n c e s  and s h o r tc o m in g s .  Here t h e y  a r e  used  in  t h e  
s y n t h e s i s  o f  a  programming l a n g u a g e  w i th  t h e  a im  t h a t  t h e y  s i m p l i f y  and 
somehow make t h e  lan g u a g e  more i n t e l l e c t u a l l y  m anageab le .  This  s i m p l i c i t y  
i s  n o t  a c h ie v e d  a t  t h e  e x p e n se  o f  pow er, in d ee d  more power i s  d e r iv e d  from  
t h e  s i m p l i c i t y  o r  r a t h e r  from  t h e  l a c k  o f  r e s t r i c t i o n .
J u s t  as  t h e  im p le m e n ta t io n  and d e s ig n  have  been p a r t i a l l y  
s e p a r a te d  f o r  c l a r i t y ,  i t  i s  f e l t  t h a t  t h e  s y n t a c t i c  and se m a n t ic  i s s u e s  o f  
t h e  lan g u ag e  shou ld  b e  i n i t i a l l y  s e p a r a t e .  Again t h i s  i s  n o t  done t o  
downgrade one o f  t h e  i s s u e s  b u t  r a t h e r  t o  a v o id  u n n e c e s s a ry  c o n f u s io n .  The 
se m a n t ic  domains o f  t h e  la n g u a g e  a r e  f i r s t  p ro p o se d  and s u b je c t e d  to  t h e  
above r u l e s  and th e n  a l i g h t  c o a t  o f  s y n ta x  i s  a p p l i e d .
The lan g u a g e  t h a t  i s  t h e  r e s u l t  o f  a l l  t h i s  c a r e f u l  d e s ig n  i s  
S - a l g o l .  In  what way i s  t h e  lan g u a g e  new or  b e t t e r ?  What a r e  t h e  
in n o v a t io n s ?
F i r s t  o f  a l l ,  S - a lg o l  i s  n o t  w i th o u t  i n n o v a t i o n s .  I n  p a r t i c u l a r ,  
t h e  s t r i n g s  as  a s c a l a r  d a ta  t y p e ,  o n ly  a l lo w in g  i n i t i a l i s i n g  d e c l a r a t i o n s  
and c a l l  by  v a lu e  p a r a m e te r s ,  t h e  v e c t o r s  a s  f i r s t  c l a s s  c i t i z e n s ,  t h e  c a se
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c l a u s e ,  t h e  m ix ing  of c l a u s e s  and d e c l a r a t i o n s  and i n t r o d u c i n g  c o n s ta n c y  as 
a  p r o t e c t i o n  i s s u e  a r e  a l l  new. A l though  t h e s e  i d e a s  h e l p ,  t h e  s t r e n g t h  o f  
t h e  lan g u ag e  does n o t  d e r i v e  from  them . I t  comes from  t h e  f a c t  t h a t  i t  i s  
c a r e f u l l y  d e s ig n e d  from  a s e t  o f  r u l e s  t h a t  a l lo w  no e x c e p t io n s  t o  t h e  
g e n e r a l  c a s e .  Thus, a t  l e a s t  S - a lg o l  can be a s s e s s e d  s c i e n t i f i c a l l y  u s in g  
t h e s e  ground r u l e s .  Around t h i s  c a s t l e ,  a  l i g h t  s y n ta x  has  been throw n t o  
enhance  i t s  b e a u ty .
The lan g u a g e  h a s  o n ly  f o u r  s e m a n t i c a l l y  m e a n in g fu l  s y n t a c t i c  
c a t e g o r i e s ,  c l a u s e s  ty p e d  and u n ty p e d ,  d e c l a r a t i o n s  and s e q u e n c e r s  w hich i s  
a b o u t  th e  same a s  most o th e r  a l g o l s .  T h e re fo re  t h e r e  i s  no r e d u c t i o n  o f  
power h e r e .  The d e c l a r a t i o n s  w hich o n ly  a l lo w  v a lu e s  t o  be  named a re  
d e s ig n e d  s t r i c t l y  in  c o n ju n c t io n  w i th  t h e  c a l l  by  v a lu e  p a r a m e t e r s .  This  
g r e a t l y  s i m p l i f i e s  t h e  la n g u a g e  and  makes i t  s a f e r  w i th o u t  l o s s  o f  power.
Have t h e  r u l e s  been b roken?  The answer i s  t h a t  t h e y  h a v e .  I n  t h e  
c a s e  of a b s t r a c t i o n s  over  d e c l a r a t i o n s  and se q u e n c e rs  i t  i s  f e l t  t h a t  o th e r  
c r i t e r i a  can be used  t o  j u s t i f y  t h e i r  e x c lu s i o n .  However, i t  sh o u ld  be  
n o te d  t h a t  t h e  t e c h n iq u e  used  t o  e x c lu d e  som eth ing  i s  new. There i s  s t i l l  a 
g e n e r a l  r u l e ,  now w i th  two e x c e p t i o n s ,  n o t  a whole  h o s t  o f  p a r t i c u l a r  
r u l e s .  There a r e  no e x c e p t io n s  t o  th e  p r i n c i p l e  o f  c o rre sp o n d e n c e  o r  t h e  
p r i n c i p l e  o f  d a t a  ty p e  c o m p le te n e s s .
The im p le m e n ta t io n  t e c h n iq u e  f o r  S - a lg o l  i s  a l s o  i n v e s t i g a t e d .  A 
c o m p i la t io n  sy s tem  l o o s e l y  b a s e d  on th e  s t r u c t u r i n g  method o f  Ammann i s  
d e v e lo p e d .  The l a y e r s  o f  a b s t r a c t i o n  t h a t  c o n p r i s e  t h e  c o m p ile r  a r e  q u i t e  
d i f f e r e n t  how ever, and i t  i s  n o te d  t h a t  t h e  s i z e  o f  t h e  c o m p i le r  owes much 
to  t h e  f a c t  t h a t  t h e s e  l a y e r s  a r e  w e l l  c h o se n .  The c o m p i le r  i s  w r i t t e n  i n  
S - a l g o l  i t s e l f  w i th  t h e  m achine dep en d en t  p a r t s  b e in g  i s o l a t e d  as  f a r  a s  i s  
p o s s i b l e .  This  i s o l a t i o n  i s  never  c o m p le te ly  s u c c e s s f u l .
The s t r e n g t h  o f  t h e  r e c u r s i v e  d e s c e n t  t e c h n i q u e  i s  n o t  t h a t  i t
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g i v e s  f a s t e r  c o m p i le r s ,  f o r  who c a r e s  i n  a  w orld  o f  e x c ess  p r o c e s s o r  power, 
b u t  t h a t  i t  makes t h e  c o m p i le r s  s m a l l e r  and e a s i e r  to  ch e ck  and m a in ta in .  
I t  a l s o  g iv e s  more p o r t a b l e  c o m p i le r s  s i n c e  t h e  p o r t a b i l i t y  depends on th e  
number of a l t e r a t i o n s  t o  t h e  s o u rc e  co d e ,  w hich i s  some f u n c t i o n  o f  t h e  
t o t a l  s i z e .  T h e r e f o r e  work in  t h e  developm ent of t h i s  t e c h n iq u e  has  been 
w o r th w h i le  from  a s o f tw a r e  e n g in e e r i n g  p o i n t  of v ie w .
The p r o j e c t  l a y s  no c la im s  t o  t h e  enhancem ent o f  t h e  t h e o r e t i c a l  
p r o p e r t i e s  o f  LL p a r s i n g  or even r e c u r s i v e  d e s c e n t  b u t  has  c o n c e n t r a t e d  on 
t h e  s o f tw a re  e n g in e e r i n g  a s p e c t s .  To t h i s  end , an improvement on th e  
m ethodology  o f  t h e  p r e v io u s  work i s  p ro p o se d  and a p p l i e d .  H o p e fu l ly  o t h e r s  
w i l l  be  a b l e  t o  de v e lo p  i t  f u r t h e r .
An a b s t r a c t  m ach ine ,  t h e  S -code  m ach ine , i s  a l s o  d e s ig n e d  and 
im plem en ted . The f i r s t  m achine o f  t h i s  s t y l e  was t h e  b e ta  machine o f  
R a n d e l l  and R u s s e l l .  The S -code  m achine i s  a  d i s t a n t  r e l a t i o n .
A method o f  p ro c e d u re  e n t r y  and e x i t  which does n o t  u se  a  d i s p l a y  
i s  i n v e n te d .  I t  i s  b a se d  on th e  p r i n c i p l e  t h a t  most s t a c k  i tem s  a r e  e i t h e r  
l o c a l  or g l o b a l  i n  s c o p e .  T h is  i s  c e r t a i n l y  t r u e  o f  t h e  c o m p ile r  as t h e  
m easurem ent s t a t i s t i c s  o f  C h a p te r  7 show. The S-code  m achine h a s  a  heap  
w i t h  a  g a rb a g e  c o l l e c t o r  s i n c e  n o t  a l l  d a t a  i te m s  i n  t h e  lan g u a g e  can be  
im plem ented  on a s t a c k .  The p rob lem  o f  i d e n t i f y i n g  t h e  t r a n s i e n t  p o i n t e r s  
on  t h e  s t a c k  when a  g a rb a g e  c o l l e c t i o n  s t r u c k  l e d  t o  th e  i n v e n t io n  o f  t h e  
second  s t a c k  f o r  p o i n t e r s .
How th e n  can  t h e  p r o j e c t  be a s s e s s e d ?  C e r t a i n l y  th e  
im p le m e n ta t io n  t e c h n iq u e s  d e v e lo p e d  a r e  p o w erfu l  and e a s y  to  u s e .  Enough 
c o n f id e n c e  i n  them h a s  a l lo w e d  ex p a n s io n  t o  o t h e r  m ach ines  su c h  a s  t h e  IBM 
370, I n t e l  8086 and t h e  Z i lo g  Z80. I t  has  a l s o  d i s p e l l e d  a number o f  f e a r s  
i n  w r i t i n g  co m p ile r  sys tem s and in  system s w i th  g a rb a g e  c o l l e c t o r s .  
T h e r e f o r e ,  i t  i s  r e a s o n a b le  t o  c l a i m  an advance  i n  s o f tw a r e  te c h n o lo g y .
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I t  i s  much more d i f f i c u l t  t o  a s s e s s  a  new la n g u a g e  o r  d e s ig n  
m ethodo logy . The p r i n c i p l e  d e s ig n  t e n e t  i s  s i m p l i c i t y  -  power th ro u g h  
s i m p l i c i t y ,  s i m p l i c i t y  th ro u g h  g e n e r a l i t y .  However, w i th  com ple te  
g e n e r a l i t y  comes c h a o s .  F o r  exam ple ,  g iv e n  a p iano  and com ple te  f reedom  in  
t u n i n g ,  i t  i s  a lm os t  i m p o s s ib l e  t o  sa y  a n y th in g  s e n s i b l e  a b o u t  t h e  m u s ic .  A 
s t a n d a r d  tu n in g  i s  p ro p o s e d .  However, t h i s  may go to  t h e  o t h e r  e x trem e  and 
o n ly  a l lo w  t r i v i a l  n o t io n s  t o  be  e x p r e s s e d .  I t  i s  w i th  t h i s  b a la n c e  betw een 
t h e  power o f  g e n e r a l i t y  and i t s  l a c k  o f  s e c u r i t y  t h a t  lan g u a g e  d e s ig n e r s  
a r e  c o n c e rn e d .
A d e s ig n  m ethodology  b a s e d  on s e m a n t ic  p r i n c i p l e s  h a s  been 
p ro p o s e d .  I t  was th e n  used  in  t h e  s y n t h e s i s  of S - a l g o l .  The m ethodology  i s  
con cern ed  w i th  a c h ie v in g  a b a la n c e  betw een power and s e c u r i t y  b u t  can o n ly  
b e  c o n s id e r e d  a s  a  f i r s t  s t e p .  H o p e fu l ly  i t  w i l l  p rovoke  f u r t h e r  d i s c u s s i o n  
and be d ev e lo p ed  f u r t h e r  i t s e l f .  S ince  programming and programming 
la n g u a g e s  a r e  s t i l l  r e l a t i v e l y  b a d ly  u n d e rs to o d ,  i t  i s  d i f f i c u l t  t o  hope 
f o r  m ore. I t  i s  a t  l e a s t  an a t t e m p t  t o  s y s t e m a t i s e  t h e  p ro c e s s  of lan g u a g e  
d e s ig n  and p r o v id e s  a  t e c h n iq u e  f o r  com paring  l a n g u a g e s .
The la n g u a g e  S - a lg o l  i s  i t s e l f  s im p le  and e a s y  t o  u s e .  I t  h a s  t h e  
power of an a l g o l  be tw een  A lg o l  68 and A lgo l W. However, i t  h a s  f a r  few er
r u l e s  and e x c e p t io n s  th a n  e i t h e r  o f  t h e s e  and i s  t h e r e f o r e  s im p le r  to
u n d e r s ta n d  and t e a c h .  At f i r s t  i t  was p ro p o se d  as  t h e  b a s e  lan g u a g e  i n  a 
f a m i ly .  Now i t  i s  p r e s e n t e d  as a  member o f  a  f a m i ly  w hich i s  d e f in e d  by  th e  
r u l e s  of t h e  d e s ig n  m ethodo logy .
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I.l
JL* In.t r a d u c t i o n
Programming la n g u a g e  d e s ig n  i s  p ro b a b ly  th e  most em otive  s u b j e c t
i n  C o m p u ta t io n a l  S c ie n c e  to d a y .  N e a r ly  everyone  u se s  a  programming lan g u a g e
and m ost p e o p le  have som eth ing  t o  sa y  a b o u t  t h e i r  d e s ig n .
S - a lg o l  i s  p r e s e n t e d  as a member o f  a  f a m i ly  o f  lan g u a g e s  i n  th e
a l g o l  t r a d i t i o n  t h a t  a r e  c o n s t r a i n e d  by a d e s ig n  m ethodo logy . This  d e s ig n  
m ethodology i s  b a sed  on th e  b e l i e f  t h a t  most o f  o u t  programming la n g u a g e s
a r e  too  b ig  and i n t e l l e c t u a l l y  unm anageab le .  I n  a d d i t i o n  i t  i s  b e l i e v e d
t h a t  t h e s e  problem s a r i s e  i n  p a r t  f rom  th e  lan g u a g e s  b e in g  too  r e s t r i c t i v e .
The number o f  r u l e s  t o  d e f in e  a lan g u a g e  i n c r e a s e s  when a g e n e r a l  r u l e  has
a d d i t i o n a l  r u l e s  a t t a c h e d  t o  to  c o n s t r a i n  i t s  u s e  i n  c e r t a i n  c a s e s .  
I r o n i c a l l y  t h e s e  a d d i t i o n a l  r u l e s  u s u a l l y  make t h e  la n g u a g e  l e s s  p o w e r fu l .  
Power th ro u g h  s i m p l i c i t y ,  s i m p l i c i t y  th ro u g h  g e n e r a l i t y  i s  th e  g u id in g  
t e n e t .
The d e s ig n  m ethodology i s  b a sed  on t h r e e  s e m a n t ic  p r i n c i p l e s  
w hich can be a t t r i b u t e d  t o  S t r a c h e y  [ 1 ] .  These a r e
a .  The p r i n c i p l e  o f  d a ta  t y p e  co m p le ten ess
b .  The p r i n c i p l e  o f  a b s t r a c t i o n
c .  The p r i n c i p l e  o f  c o rre sp o n d e n c e
The p r i n c i p l e  o f  d a t a  ty p e  co m p le te n e ss  s t a t e s  t h a t  a l l  d a ta  
ty p e s  must have  th e  same " c i v i l  r i g h t s "  in  t h e  lan g u a g e  and  t h a t  th e  r u l e s  
f o r  u s in g  d a t a  ty p e s  must be com ple te  w i th  no g a p s .  This  does n o t  mean t h a t  
a l l  o p e r a t o r s  i n  t h e  lan g u a g e  need  be d e f in e d  on a l l  d a t a  ty p e  b u t  r a t h e r  
t h a t  g e n e r a l  r u l e s  h a v e  no e x c e p t i o n s .  Examples o f  l a c k  o f  c o m p le ten ess  
c an  be seen  i n  a l g o l  W [2] where a r r a y s  a r e  n o t  a l lo w e d  as  f i e l d s  of
r e c o r d s  and i n  P a s c a l  [3] where o n ly  some d a ta  ty p e s  a r e  a l lo w e d  as  members
of s e t s .  T h is  p r i n c i p l e  i s  bound to  l e a d  to  s im p le r  l a n g u a g e s  s i n c e  i t
1 .2
a v o id s  th e  c o m p le x i ty  o f  s p e c i a l  c a s e s .
A b s t r a c t io n  i s  a p ro c e s s  o f  e x t r a c t i n g  th e  g e n e r a l  s t r u c t u r e  t o
a l lo w  th e  i n e s s e n t i a l  d e t a i l s  t o  be ig n o r e d .  I t  i s  a f a c i l i t y  w e l l  known t o
m a th e m a t ic ia n s  and programmers s in c e  i t  i s  u s u a l l y  th e  o n ly  t o o l  th e y  have 
t o  h a n d le  c o m p le x i ty .  The p r i n c i p l e  o f  a b s t r a c t i o n  when a p p l i e d  t o  lan g u a g e  
d e s ig n  i s  in voked  by i d e n t i f y i n g  th e  s e m a n t i c a l l y  m e a n in g fu l  s y n t a c t i c
c a t e g o r i e s  i n  th e  lan g u a g e  and a l lo w in g  a b s t r a c t i o n s  over  them. The most 
f a m i l i a r  form o f  a b s t r a c t i o n  i s  t h e  f u n c t i o n  w hich i s  an  a b s t r a c t i o n  ove r  
e x p r e s s i o n s .
F i n a l l y ,  t h e  p r i n c i p l e  o f  c o rre sp o n d e n c e  s t a t e s  t h a t  t h e  r u l e s  
f o r  i n t r o d u c in g  and u s in g  names s h o u ld  be t h e  same everyw here  i n  a program . 
I n  p a r t i c u l a r  t h e r e  sh o u ld  be a one t o  one c o rre sp o n d e n c e  between 
i n t r o d u c i n g  names i n  d e c l a r a t i o n s  and i n t r o d u c in g  names as  p a r a m e te r s .
Armed w i th  t h e  above r u l e s  t h e  language  may be d e s ig n e d  as
fo l lo w s
â.* Data Types
D ecide  w hich  d a ta  t y p e s ,  bo th  s im p le  and compound, a r e  r e q u i r e d  
by t h e  lan g u ag e  and d e f i n e  t h e  o p e r a t i o n s  on t h e s e  d a ta  t y p e s .  The f l a v o u r  
of t h e  lan g u a g e  w i l l  be  d e te rm in e d  by th e  d a ta  o b j e c t s  i t  can m a n ip u la te .  
The p r i n c i p l e  o f  d a t a  ty p e  c o m p le te n e ss  i s  invoked  to  e n s u re  t h a t  a l l  d a t a  
o b j e c t s  have  th e  same c i v i l  r i g h t s .  I g n o r in g  th e  p r i n c i p l e  means 
i n t r o d u c i n g  r u l e s  t o  h a n d le  e x c e p t io n s  th u s  making th e  language  more 
com plex . For exam ple, i f  a r r a y s  a r e  a l lo w e d  th en  a r r a y s  o f  a r r a y s  s h o u ld  be 
a l lo w e d  as s h o u ld  e x p r e s s io n s  and f u n c t i o n s  w i th  a r r a y  r e s u l t s .
Jb. The S to re
I n t r o d u c e  th e  s t o r e ,  i f  a ny , and th e  manner i n  w hich  i t  may be 
u s e d .  F i r s t  o f  a l l  th e  r e l a t i o n s h i p  betw een th e  s t o r e  and  th e  d a ta  ty p e s
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s h o u ld  be d e f i n e d .  T h is  i n c l u d e s  t h e  im p le m e n ta t io n  o f  p o i n t e r s ,  d a ta  
l o c a t i o n s  and p r o t e c t i o n  on t h e s e  l o c a t i o n s .  For exam ple ,  c o n s t a n t s  may be 
re g a rd e d  a s  s t o r a g e  l o c a t i o n s  w hich may n o t  be u p d a te d  [ 7 ] .
The i n t r o d u c t i o n  o f  t h e  s t o r e  f o r c e s  c o n s i d e r a t i o n  o f  t h e  
language  c o n t r o l  s t r u c t u r e s .  The d e s ig n e r  can  t a k e  h i s  p i c k  and i s  w e l l  
a d v is e d  t o  r e a d  th e  e x c e l l e n t  p a p e r  by L egard  and M a rc o t ty  [5] on th e  
s u b j e c t .
c_. A b s t r a c t io n
Tennent [6] has  s u g g e s t e d  t h a t  t h e  method o f  a p p ly in g  th e  
p r i n c i p l e  o f  a b s t r a c t i o n  i s  t o  i d e n t i f y  th e  s e m a n t i c a l l y  m ea n in g fu l  
s y n t a c t i c  c a t e g o r i e s  and in v e n t  a b s t r a c t i o n s  f o r  e a c h .  This  he  does f o r  
P a s c a l  and p ro p o se s  some e x te n s i o n s  t o  com p le te  t h e  a b s t r a c t i o n s .  However, 
h e  p o i n t s  o u t  t h a t  i t  i s  n o t  a lw ays  an e a s y  m a t t e r  t o  i d e n t i f y  t h e s e  
c a t e g o r i e s  i n  t h e  f i r s t  p l a c e .  Most lan g u a g e s  have  a t  l e a s t  t h e  f o l l o w in g .
S y n t a c t i c  c a te g o r y  A b s t r a c t io n
e x p r e s s io n  f u n c t io n
s ta t e m e n t  p ro c e d u re
d e c l a r a t i o n  module
se q u en c e r  s e q u e l
F u n c t io n s  and p ro c e d u re s  sh o u ld  be f a m i l i a r .  The name module 
d e r i v e s  from Schuman [4] and th e  s e q u e l  from  T en n en t.
The p rob lem  i s  t o  i d e n t i f y  th e  u s e f u l  a b s t r a c t i o n s .  F o r  exam ple, 
f o r  th o s e  o f  us i n  lo v e  w i th  t h e  a l g o l  scope  r u l e s ,  t h e  module i s  a 
p e c u l i a r  a b s t r a c t i o n  e s p e c i a l l y  s in c e  t h e  same power can be d e r iv e d  from  
f u n c t i o n  p ro d u c in g  f u n c t i o n s .  S i m i l a r ly  th e  s e q u e l  lo o k s  l i k e  a n o th e r  
c o n v o lu te d  g o to .
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D e c l a r a t i o n  and P a ra m e te r s
I n v e n t  t h e  d e c l a r a t i o n s  and th e  p a r a m e t r ic  o b j e c t s  t o g e t h e r .  
T h e re  must be a one t o  one c o r re s p o n d e n c e  between t h e  tw o . This  does n o t  
mean t h a t  th e y  n e c e s s a r i l y  have th e  same s y n ta x  b u t  t h a t  f o r  e v e ry  ty p e  o f  
d e c l a r a t i o n  t h e r e  i s  an e q u iv a l e n t  p a r a m e t r i c  ty p e .  P a ra m e te r  p a s s in g  modes 
a r e  a l s o  in c lu d e d  in  t h i s  c o r r e s p o n d e n c e .  For exam p le ,  t h e  d e c l a r a t i v e  
e q u i v a l e n t  o f  c a l l  by v a lu e  i s  an i n i t i a l i s i n g  d e c l a r a t i o n .  I f  f u n c t i o n s ,  
r e c o r d  c l a s s e s  e t c  can  be d e c la r e d  th e n  th e y  can be p a s se d  as p a ra m e te r s  
e v en  though th e y  a r e  n o t  d e f i n e d  as d a ta  o b j e c t s  i n  th e  la n g u a g e .  F i n a l l y ,  
i f  t h e  lan g u ag e  has  a  f a c i l i t y  to  d e f in e  new d a ta  ty p e s  and g iv e  them a 
name th e n  th e  ty p e  can be p a s s e d  as a  p a ra m e te r  r a t h e r  l i k e  a l g o l  68 m odals 
[8 ] .
Ê.* I n p u t  and O utpu t
The I /o  m odels f o r  most h i g h  l e v e l  la n g u a g e s  t e n d  to  r e f l e c t  t h e  
e n v ironm en t i n  w hich  t h e y  were d e s ig n e d .  Some a t t e m p t s  have  been made t o  
d e s ig n  and im plem ent com prehensive  I /O  s y s te m s .  U n f o r tu n a t e ly  where i t  has  
n o t  been t i e d  t o  p a r t i c u l a r  hardw are  i t  has  nev e r  been v e ry  s u c c e s s f u l .  
Nowhere e l s e  i n  th e  d e s ig n  o f  a programming la n g u a g e  does th e  hardw are  
i n t e r v e n e  a s  much a s  i t  does i n  t h e  I /O  sy s tem . When a new I /O  d e v ic e  
becomes a v a i l a b l e  t h e  lan g u a g e  must be a b l e  t o  make u se  o f  i t .  Of c o u r s e ,  
t h i s  s i t u a t i o n  i s  h o p e le s s  and p e rh a p s  t h e  w i s e s t  a p p ro a c h  t o  I/O  i s  to  
a l lo w  th e  im p lem en to r  to  d e a l  w i th  i t  f o r  a p a r t i c u l a r  e n v iro n m e n t ,  as  t h e  
A lg o l  60 d e s ig n e r s  p ro p o s e d .
f_. I t e r a t e
R e - e v a lu a te  th e  lan g u ag e  and  c o r r e c t  o r  j u s t i f y  any 
i d i o s y n c r a s i e s  i n  t h e  d e s ig n .  H o p e fu l ly  th e  d e s ig n  p ro c e s s  w i l l  c o n v e rg e .
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C o ncre te  Syn tax
The f i n a l  s t a g e  o f  l a n g u a g e  d e s ig n  i s  t o  p ro p o se  a c o n c re te  
s y n ta x .  I d e a l l y  d i f f e r e n t  g roups o f  w orkers  cou ld  have a d i f f e r e n t  s y n ta x .
However, t h e r e  a r e  many u s e r s  who do n o t  w ish  t o  d e s ig n  t h e i r  own s y n ta x
and so th e  lan g u a g e  must p r o v id e  a t  l e a s t  one p o s s i b i l i t y .
I t  seems v e ry  obv ious  t o  say  t h a t  t h e  s y n ta x  sh o u ld  be s im p le  and 
e a sy  to  l e a r n .  That may be so  b u t  t h e r e  i s  no d o u b t  t h a t  some o f  th e  
s u c c e s s  of t h e  lan g u a g e  depends on th e  c o s m e t ic s .  A lso ,  a  c a r e f u l l y  chosen  
s y n ta x  can e a s e  th e  p rob lem  o f  c o m p i la t io n .
How o f t e n  th e  r u l e s  can be b roken  i s  f o r  t h e  d e s i g n e r ' s  own
c o n s c i e n c e .  However, e v e ry  t im e  t h e  r u l e s  a r e  b roken  th e  lan g u ag e  becomes
more complex. The r u l e s  were i n t r o d u c e d  to  h e lp  d e s ig n  s im p le r  and more
i n t e l l e c t u a l l y  m anageab le  la n g u a g e s  and sh o u ld  o n ly  be ig n o re d  w i th  g r e a t
c a r e .
S - a lg o l  i s  t h e  f i r s t  o f  t h e  f a m i ly  o f  a l g o l s  t o  be p roduced  under
t h i s  d e s ig n  m ethodo logy . I t  r e f l e c t s  my own p e r s o n a l  p r e f e r e n c e  f o r  d a ta
o b j e c t s  and s y n ta x .  I t  a l s o  ig n o re s  t h e  p r i n c i p l e  o f  a b s t r a c t i o n  w i th  
r e g a r d  t o  s e q u e n c e r s  and d e c l a r a t i o n s .  S equencers  b e c au se  th e y  a re  
obnox ious  and d e c l a r a t i o n s  becau se  i t  b re a k s  w i th  t h e  a l g o l  t r a d i t i o n  o f  
scope  r u l e s .  However t h e r e  a r e  no e x c e p t io n s  t o  th e  p r i n c i p l e  o f  
c o rre s p o n d e n c e  o r  th e  p r i n c i p l e  o f  d a ta  ty p e  co m p le te n e ss  i n  th e  lan g u a g e .  
I  s e e  t h i s  a s  t h e  s t r e n g t h  o f  t h e  la n g u a g e .
A number o f  p e o p le  must be th a n k e d  f o r  t h e i r  h e lp  w i th  t h e  S - a lg o l  
p r o j e c t .  F i r s t l y ,  P r o f e s s o r  J a c k  Cole whose e n th u s ia s m  and encouragem ent 
w ere  r e s p o n s i b l e  f o r  th e  developm ent o f  t h e  sy s te m . P e t e r  B a i le y  must be 
th an k e d  f o r  h i s  h e lp  in  t e s t i n g  th e  sy s tem  and in  p r o o f  r e a d in g ,  a s  w e l l  as 
h i s  enormous w i l l i n g n e s s  t o  h e lp  when d i f f i c u l t i e s  a r o s e .  P a u l  M a r i t z ,  who 
i s  c u r r e n t l y  im p lem en ting  S - a lg o l  on th e  Z i lo g  Z80, p o in te d  o u t  a
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d i s c r e p a n c y  i n  th e  a p p l i c a t i o n  o f  t h e  p r i n c i p l e  o f  c o rre sp o n d e n c e  t o  th e  
la n g u a g e .  Mike L iv e se y  must a l s o  be th an k e d  f o r  o u r  d i s c u s s io n s  o f  t h e  
s e m a n t ic  p r i n c i p l e s  on w hich  t h e  lan g u a g e  i s  b ased  and David T u rn e r ,  now in  
C a n te rb u r y ,  w i th  whom I  s t a r t e d  on lan g u a g e  d e s ig n  d e s e rv e s  m en tion  f o r  h i s  
c o n t r i b u t i o n .  W hether th e y  l i k e  i t  or n o t  t h e i r  i n f l u e n c e  i s  p r e s e n t  i n  
S - a l g o l .
These  p e o p le  have  c o n t r i b u t e d  to  th e  lan g u a g e  d e s ig n  a s  have  th e  
u s e f u l  comments o f  Hamish Gunn, Tony D av ie ,  M ichae l  W e a t h e r i l l  and I a n  
Som m erv il le  a t  S t r a t h c l y d e  U n i v e r s i t y .  My s p e c i a l  th a n k s  t o  Tony f o r  h i s  
SPELL command and t o  th e  p e rso n  who w ro te  t h e  UNIX r o f f  program  w i th  which 
t h i s  manual was p r e p a r e d .
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Â* Syntax  S p e c i f i c a t i o n
The s y n ta x  o f  S - a lg o l  i s  g iv e n  i n  two p a r t s
a .  a c o n te x t  f r e e  grammar w r i t t e n  in  BNF
b .  a  c o n te x t  s e n s i t i v e  s e t  o f  r u l e s  t o  govern  th e
p o s s i b l e  ty p e s  o f  e x p r e s s io n  i n  th e  la n g u a g e .
These s e t s  o f  r u l e s  a r e  s h o r t  and t r a n s p a r e n t  and d e f i n e  t h e  
l e g a l  c l a s s  of  p rogram s a s  b r i e f l y  as p o s s i b l e .  W herever i t  i s  f e l t  
n e c e s s a r y ,  E n g l i s h  n a r r a t i v e  has  been added  to  c l a r i f y  some d e t a i l .  This  
method of  la n g u a g e  d e s c r i p t i o n ,  f i r s t  u se d  by T urne r  [9] i s  s im p le  and easy  
to  u s e  and in d e e d  was t h e  method u se d  to  d e f i n e  t h e  s y n ta x  in  th e  f i r s t  
i n s t a n c e .
2 .1  BNF E x te n s io n s
I n  o r d e r  to  improve t h e  r e a d a b i l i t y  o f  t h e  S - a lg o l  s y n ta x ,  two
commonly used  e x te n s io n s  t o  BNF have  been u s e d .  The sq u a re  b r a c k e t s  " [ "  and
" ] "  a r e  metasymbols w hich a r e  u sed  when a s y n t a c t i c  o b j e c t  i s  o p t i o n a l ,
e . g .
< s c a l e  f a c t o r  > : : =  [< addop >]< u n s ig n e d  i n t e g e r  > 
can  be r e a d  as
"a s c a l e  f a c t o r  c o n s i s t s  of  an o p t i o n a l  addop f o l lo w e d  by an u n s ig n e d
i n t e g e r " .
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The metasymbol i s  u s e d  t o  s i g n i f y  t h a t  an o b j e c t  may be 
r e p e a t e d  z e ro  o r  many t im e s .
e . g .
< u n s ig n e d  i n t e g e r  > : : =  < d i g i t  >[< d i g i t  >]*
c an  be r e a d  as
"an  u n s ig n e d  i n t e g e r  c o n s i s t s  o f  a d i g i t  which may be fo l lo w e d  by any 
number of d i g i t s " .
U sing BNF and th e  two e x te n s io n s  above th e  com ple te  c o n te x t  f r e e
s y n ta x  of S - a lg o l  can  be d e s c r ib e d  in  a b o u t  40 p r o d u c t i o n s .  I t  i s  g iv en  i n
Appendix A.
2 * ^  Type M atching  R ules
F o r  an S - a l g o l  program  t o  be s y n t a c t i c a l l y  c o r r e c t  i t  must obey
b o th  t h e  BNF and th e  ty p e  m a tc h in g  r u l e s .  The l e g a l  d a t a  ty p e s  i n  S - a lg o l
a r e  g iven  l a t e r ,  b u t  t h e  n o t a t i o n  f o r  d e s c r i b i n g  th e  ty p e  r u l e s  i s
i n t r o d u c e d  h e r e .  By k e e p in g  th e  two s e t s  o f  r u l e s  d i s t i n c t ,  t h e  program  
fo rm ing  r u l e s  a r e  e a s i e r  t o  f o l lo w .
Fo r  each  BNF p r o d u c t io n  i n  t h e  lan g u ag e  t h e r e  i s  an e q u iv a l e n t  
ty p e  m atch ing  r u l e  w hich f u r t h e r  q u a l i f i e s  t h e  manner in  which th e
s y n t a c t i c  c o n s t r u c t  may be u s e d .  I n  a  p r o d u c t io n  where any  o f  th e  non­
t e r m in a l s  h as  a  d a ta  ty p e  a s s o c i a t e d  w i th  i t s  l e g a l  u s e ,  t h e  ty p e  r u l e  has  
t h a t  d a ta  ty p e  name e n c lo s e d  in  t h e  meta symbols "{ "  and "}" i n s t e a d  o f  th e  
n o n - t e r m i n a l .  The ty p e  r u l e  a l s o  i n d i c a t e s  t h e  r e s u l t  ty p e  o f  th e
p r o d u c t io n  by u s e  o f  t h e  meta symbol "=>".
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e . g .  th e  o r  e x p r e s s io n
BNF < e x p r e s s io n  > or^ < e x p r e s s io n  >
TR { boo l } ojc_ { boo l  } => { boo l }
The BNF i n d i c a t e s  t h a t  an e x p r e s s io n  may be form ed by t a k i n g  two 
s u b e x p re s s io n s  and a p p ly in g  th e  o p e r a t o r  o r  t o  them. The ty p e  r u l e  (TR) 
f u r t h e r  q u a l i f i e s  t h i s  by showing t h a t  b o th  s u b e x p r e s s io n s  must be o f  ty p e  
b o o l  and t h a t  t h e  r e s u l t  i s  o f  ty p e  b o o l . A nyth ing  e l s e  i s  i l l e g a l .
Fur t h e r
BNF < c l a u s e  > th e n  < c l a u s e  > e l s e  < c l a u s e  >
TR ^  { boo l  } th e n  { T } e l s e  { T } => { T }
These r u l e s  i n d i c a t e  t h e  form  of th e  c l a u s e  and show t h a t  th e  
f i r s t  c l a u s e  must be o f  ty p e  b o o l . The two a l t e r n a t i v e s  can be o f  any ty p e  
b u t  must be t h e  same, p ro d u c in g  a r e s u l t  o f  t h a t  t y p e .
Thus jJ t  a < b th e n  t r u e  e l s e  4 i s  n o t  p e r m i t t e d
w h ereas  a < b th e n  4 e l s e  6 i s  v a l i d  and o f  ty p e  i n t
A f u l l  p r e s e n t a t i o n  o f  t h e  ty p e  r u l e s  i s  g iv e n  i n  Appendix B. 
T hroughout t h i s  m anual th e  ty p e  r u l e s  w i l l  be  u sed  to  c l a r i f y  l e g a l  
s t a t e m e n ts  i n  t h e  lan g u a g e  r a t h e r  th a n  a fo rm a l  d e f i n i t i o n .
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2* Types and Data S t r u c t u r e s
There a r e  an  i n f i n i t e  number o f  d a ta  ty p e s  i n  S - a lg o l  d e f i n e d  
r e c u r s i v e l y  by th e  f o l lo w in g  r u l e s .
a .  The s c a l a r  d a ta  ty p e s  a r e  i n t , r e a l , b o o l , s t r i n g  and 
f i l e
b .  Fo r  any d a ta  ty p e  T, *T i s  th e  d a ta  t y p e  o f  a  v e c to r  w i th  
e le m en ts  o f  ty p e  T.
c .  The d a ta  ty p e  p n t r  c o m p r ise s  o f  a s t r u c t u r e  w i th  any 
number o f  f i e l d s ,  and any d a ta  ty p e  i n  e a c h  f i e l d
In  a d d i t i o n  to  th e  above  d a ta  ty p e s  t h e r e  a r e  a  number o f  o th e r  
o b j e c t s  i n  S - a lg o l  where i t  i s  c o n v e n ie n t  t o  g iv e  them a t y p e  i n  o r d e r  t h a t  
t h e  c o m p ile r  may check  t h e i r  u s e  f o r  c o n s i s t e n c y .
d .  The ty p e  o f  a p ro ce d u re  w i th  p a ra m e te r s  T l ,  . ,T n  and
r e s u l t  ty p e  Tm i s  ( T l , . . . . . . , Tn ->  Tm )
e .  C la u se s  w hich y i e l d  no v a lu e  a r e  o f  ty p e  v o id
f .  The c l a s s  o f  a u s e r  d e f in e d  s t r u c t u r e  w i th  f i e l d s  o f  ty p e
T l , . . . . T n  i s  o f  ty p e  ( T l , ........... , Tn ) - s t r u c t u r e  and  i t s
f i e l d s  a r e  o f  ty p e  T i - f i e l d
The u s e r  r e q u i r e s  t o  know a b o u t  t h e s e  ty p e s  i n  o r d e r  t o  fo l lo w  
t h e  com ple te  ty p e  m atch ing  r u l e s .
1 . 11
L i t e r a l s
L i t e r a l s  a r e  one o f  th e  b a s i c  b u i l d i n g  b lo c k s  o f  a program  and 
a l lo w  v a lu e s  t o  be i n t r o d u c e d .
A.*i_ I n t e g e r  L i t e r a l s
These v a lu e s  o f  ty p e  i n t  a r e  d e f in e d  by
< i n t e g e r  l i t e r a l  > ; : =  < d i g i t  >[< d i g i t  >]*
An i n t e g e r  l i t e r a l  i s  a t  l e a s t  one d i g i t  fo l lo w e d  by any number
of d i g i t s .
e . g .  1 0 1256 8797
N o t ic e  t h a t  n e g a t i v e  l i t e r a l s  a r e  n o t  a l lo w e d .  However th e y  can 
be w r i t t e n  down a s  e x p r e s s i o n s .
R ea l  L i t e r a l s
These a r e  o f  ty p e  r e a l  and a re  d e f in e d  by
< r e a l  l i t e r a l  > < i n t e g e r  l i t e r a l  > [ .<  i n t e g e r  l i t e r a l  > ][e <  s c a l e  f a c t o r  >]
< s c a l e  f a c t o r  > : : =  [< addop >]< i n t e g e r  l i t e r a l  >
< addop > : + |~
Thus, t h e r e  a r e  a  number o f  ways of w r i t i n g  a r e a l  l i t e r a l
e . g .  1 .2  3 .1 e 2  5e5
1. 3 .4 e -2  3 .4e+4
3 .1 e -2  means 3 .1  t im e  10 t o  th e  power -2 i . e .  0.031
_4.2 Boolean  L i t e r a l s
There  a r e  on ly  two l i t e r a l s  o f  ty p e  b o o l . They a re  th e  symbols 
t r u e  and f a l s e . They may be u se d ,  w i th  obv ious m eaning when a b o o lea n  
l i t e r a l  i s  r e q u i r e d .
1 .1 2
_4.^ S t r i n g  L i t e r a l s
< s t r i n g  l i t e r a l  > : := "[<  c h a r  > ]*"
A s t r i n g  l i t e r a l  i s  any sequence  o f  c h a r a c t e r s  i n  th e  s e t
( h o p e f u l ly  a s c i i )  e n c lo s e d  by d o u b le  q u o te s .  The empty s t r i n g  i s  de n o te d  by 
Examples o f  s t r i n g  l i t e r a l s  a re
"T h is  i s  a  s t r i n g  l i t e r a l "
" I  am a  s t r i n g "
The programmer may w ish  t o  have a doub le  quo te  i t s e l f  i n s i d e  a 
s t r i n g  l i t e r a l .  T his  r e q u i r e s  u s in g  a s i n g l e  quote  a s  an e s c a p e  c h a r a c t e r
and so i f  a s i n g l e  o r  doub le  quo te  i s  r e q u i r e d  i n s i d e  a s t r i n g  l i t e r a l  i t
m ust be p re c e d e d  by a  s i n g l e  q u o te .
e . g .  " a ' " "  h as  a v a lu e  a "  and
" a ' ' "  has  a  v a lu e  a'
There  a r e  a  number o f  o th e r  s p e c i a l  c h a r a c t e r s  w hich  may be u se d  
i n s i d e  s t r i n g  l i t e r a l s .  They a re
' n  n e w lin e
'p  newpage
'o  c a r r i a g e  r e t u r n
' t  h o r i z o n t a l  ta b
'b  b a c k sp a c e
These c h a r a c t e r s  a re  n o rm a l ly  u s e d  in  i n p u t  and o u t p u t .
1 .1 3
E x p re s s io n s  and O p e ra to r s
The g e n e r a l  form  o f  an S - a lg o l  e x p r e s s io n  i s
< e x p r e s s io n  > : ; =  < u n a ry  o p e r a t o r  >< e x p r e s s io n  >i
< e x p r e s s io n  >< b i n a r y  o p e r a t o r  >< e x p r e s s io n  >1 
(< e x p r e s s io n  >)
A r i th m e t i c  E x p re s s io n s
A r i th m e t i c  may be p e rfo rm ed  on d a ta  o b j e c t s  o f  ty p e  i n t  and r e a l . 
The o p e r a t o r s  a r e
< u n a ry  o p e r a t o r  > : + j -
< b i n a r y  o p e r a t o r  > : + | - | * | / | d i v j r e m
They mean
+ a d d i t i o n
-  s u b t r a c t i o n
* m u l t i p l i c a t i o n
/  r e a l  d i v i s i o n
d i v  i n t e g e r  d i v i s i o n  th ro w in g  away th e  re m a in d e r
rem rem a in d e r  a f t e r  i n t e g e r  d i v i s i o n
Some examples o f  a r i t h m e t i c  e x p r e s s io n s  a r e
a 4- b 3 + 2 1 .2  +  0 .5  —2 + a / 2 . 0
P re c e d e n c e  R ules
The o r d e r  o f  e v a lu a t i o n  o f  an e x p r e s s io n  i n  S - a lg o l  i s  from  l e f t  
t o  r i g h t  and b a se d  on th e  p rec e d e n ce  t a b l e
* /  d i v  rem 
+  —
1 .1 4
That i s ,  t h e  o p e r a t i o n s  * /  d i v  rem a r e  a lw ays  e v a lu a t e d  b e f o r e  + 
and - .  However, i f  t h e  o p e r a t o r s  a r e  o f  t h e  same p rec e d e n ce  th e n  th e  
e x p r e s s io n  i s  e v a lu a t e d  l e f t  t o  r i g h t ,  
e . g .
6 d i v  4 rem 2 g iv e s  th e  v a lu e  1
B ra c k e ts  may be u se d  to  o v e r r i d e  th e  p re c e d e n c e  o f  t h e  o p e r a t o r
o r  to  c l a r i f y  an e x p r e s s io n .
3 * ( 2 -  1 ) y i e l d s  3 n o t  5
E x p re s s io n  Types
The r u l e s  f o r  d e te rm in in g  th e  ty p e  o f  th e  r e s u l t  o f  an e x p r e s s io n
a r e
< u n a ry  o p e r a t o r  > { T } => { T ]
w here  T i s  i n t  o r  r e a l .
That i s ,  a unary  o p e r a t o r  fo l lo w e d  by an e x p r e s s io n  o f  ty p e  r e a l  
o r  i n t  p ro d u ces  a  r e s u l t  o f  t h a t  t y p e .
e . g .  - 3 . 2  i s  o f  ty p e  r e a l
+432 i s  o f  ty p e  i n t
B r a c k e t in g  does  n o t  a l t e r  th e  e x p r e s s io n  ty p e .
i . e .  ({ T }) { T }
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The r u l e s  f o r  t h e  a r i t h m e t i c  b i n a r y  o p e r a t o r s  a r e
i n t  } + { i n t  } ->
i n t  } -  { i n t  } =>
i n t  } * { i n t  } =>
i n t  } d i v  { i n t  } =>
i n t  } rem { i n t  } =>
r e a l  } + { r e a l  } ==>
r e a l  } -  { r e a l  } =>
r e a l  } * { r e a l  } =>
r e a l  } /  { r e a l  } =>
i n t  
i n t  
i n t  
i n t  
i n t  
r e a l  } 
r e a l  } 
r e a l  } 
r e a l  }
In  S - a lg o l  whenever an  i n t e g e r  i s  u se d  where a  r e a l  i s  r e q u i r e d  
t h e  co m p ile r  w i l l  c o e rc e  t h e  i n t e g e r  i n t o  a r e a l  and g iv e  t h e  r e s u l t  as  
r e a l .  Thus
{ i n t  } + { r e a l  } => { r e a l  }
Examples
3 .0  + 1 
3 d i v  2
3 .0  rem 4
i s  o f  ty p e  r e a l  
i s  o f  ty p e  i n t  
i s  i l l e g a l
The s u c c e s s iv e  a p p l i c a t i o n  o f  t h e  ty p e  r u l e s  i n  a c c o rd a n c e  w ith  
t h e  p rec e d e n ce  r u l e s  w i l l  p roduce  th e  ty p e  o f  any S - a lg o l  e x p r e s s io n .
1.16
A*A S t r i n g  E x p re s s io n s
There  i s  on ly  one s t r i n g  o p e r a t o r  44- d e f in e d  on s t r i n g s .  I t
c o n c a t e n a t e s  t h e  two o p e ra n d  s t r i n g  t o  form  a new s t r i n g .
e . g .
"ab c "  44- " d e f "  r e s u l t s  i n  th e  s t r i n g  " a b c d e f "
The ty p e  r u l e  i s
{ s t r i n g  } 4+ { s t r i n g  } => { s t r i n g  }
A new s t r i n g  may be formed by s e l e c t i n g  a s u b s t r i n g  o f  an
e x i s t i n g  s t r i n g .
e . g .
i f  s i s  t h e  s t r i n g  " a b c d e f"  
th e n  s (  312 ) i s  t h e  s t r i n g  "cd"
That i s  a new s t r i n g  i s  form ed by s e l e c t i n g  two e le m en ts  from  s 
s t a r t i n g  a t  e lem en t  3 .
BNF < name >(< c l a u s e  >< b a r  >< c l a u s e  >)
TR { s t r i n g  }({ i n t  } |{  i n t  }) => { s t r i n g  }
F o r  th e  p u rp o se s  o f  s u b s t r i n g  s e l e c t i o n  th e  f i r s t  c h a r a c t e r  i n  a 
s t r i n g  i s  numbered 1 . The s e l e c t i o n  v a lu e s  a r e  t h e  s t a r t  p o s i t i o n  and th e  
l e n g t h  r e s p e c t i v e l y .
1.17
Boolean  E x p r e s s io n s
O b je c ts  o f  ty p e  boo l i n  S - a lg o l  can  have th e  v a lu e  t r u e  o r  f a l s e .  
T h e re  a r e  o n ly  two b o o lea n  l i t e r a l s ,  t r u e  and f a l s e  and t h r e e  o p e r a t o r s .  
T h e re  i s  one u na ry  o p e r a t o r ,  ~ , and two b i n a r y  o p e r a t o r s ,  and and ov. They 
a r e  d e f in e d  by th e  t r u t h  t a b l e  below .
1 a b ~a a jor b a and b |
1 t r u e f a l s e f a l s e t r u e f a l s e  1
1 f a l s e t r u e t r u e t r u e f a l s e  1
1 t r u e t r u e f a l s e t r u e t r u e  1
1 f a l s e f a l s e t r u e f a l s e f a l s e  1
As w i th  t h e  a r i t h m e t i c  o p e r a t o r s  t h e  p rec e d e n ce  i s  im p o r ta n t  and 
i s  d e f in e d  as
and
o r
Thus ~a o r  b and c i s  e q u iv a l e n t  t o  ( ~a ) o r  ( b and c ) .  The 
ty p e  m atch ing  r u l e s  f o r  th e  o p e r a t o r s  a re
boo l  } => { boo l  }
{ boo l  } and { boo l  } => { boo l  }
{ bo o l  } o r  { boo l  } => { boo l  }
F i n a l l y ,  t h e  e v a l u a t i o n  o f  a  b o o lea n  e x p r e s s io n  i n  S - a lg o l  i s  
n o n - s t r i c t .  That i s  i n  t h e  l e f t  t o  r i g h t  e v a l u a t i o n  o f  t h e  e x p r e s s io n ,  as 
so o n  a s  t h e  r e s u l t  i s  fo u n d ,  no more c o m p u ta t io n  i s  p e rfo rm e d  on th e  
e x p r e s s io n .
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e . g .
t r u e  o r  < exp >
g iv e s  th e  v a lu e  t r u e  w i th o u t  e v a l u a t i n g  < exp > and
f a l s e  and < exp >
g i v e s  th e  v a lu e  f a l s e  w i th o u t  e v a l u a t i n g  < exp >.
P -Q la tiona l  O p e ra to r s
E x p r e s s io n s  o f  ty p e  boo l  can a l s o  be formed by some o th e r  b i n a r y  
o p e r a t o r s .  For  exam ple, a  = b i s  e i t h e r  t r u e  o r  f a l s e  and  i s  t h e r e f o r e  
b o o le a n  in  n a t u r e .  The o p e r a t o r s  a r e  c a l l e d  th e  r e l a t i o n a l  o p e r a t o r s  and 
a r e
< l e s s  th a n
<= l e s s  th a n  o r  e q u a l  to
> g r e a t e r  th an
>= g r e a t e r  th a n  o r  e q u a l  to
= e q u a l  to
~= n o t  e q u a l  to
The ty p e  r u l e s  a r e
{ T }< r e l . o p  >{ T } => { boo l }
w here  < r e l . o p  > ; := <I > K = | >= | = | ~=
and T i s  o f  ty p e  i n t , r e a l  o r  s t r i n g  c o n s i s t e n t l y .
F u r th e rm o re ,  = and ~= a r e  d e f in e d  on a l l  d a t a  ty p e  i n  S - a l g o l .
{ T } = { T } => { boo l }
{ T } ~ = { T } = > {  boo l }
1.19
5 .7  P re ce d e n c e  T ab le
The f u l l  p re c e d e n c e  t a b l e  f o r  S - a lg o l  i s  now
/ * d i v  rem 
+  — ++
= "'“ < < = > > =  i s n t  ( see  s t r u c t u r e s  )
and
o r
1 .2 0
Names and D e c l a r a t i o n s
In  S - a lg o l  a name may be g iv en  to  a  d a ta  o b j e c t ,  a p r o c e d u r e ,  a
p ro c e d u r e  p a ra m e te r ,  a  s t r u c t u r e  f i e l d  and a s t r u c t u r e  c l a s s .  A name i s
c a l l e d  an i d e n t i f i e r  and may be form ed by th e  s y n t a c t i c  r u l e
< i d e n t i f i e r  > : : =  < l e t t e r  > |<  i d e n t i f i e r  >< l e t t e r  >|
< i d e n t i f i e r  >< d i g i t  > |<  i d e n t i f i e r  >.
That i s ,  an i d e n t i f i e r  c o n s i s t s  o f  a l e t t e r  fo l lo w e d  by any 
number of d o t s , l e t t e r s  or d i g i t s .
e .g .
x l  ro n  l o o k . f o r . r e c o r d l
A*JL D e c l a r a t i o n  o f  D ata  O b je c ts
B efo re  a name can be u sed  in  S - a lg o l  i t  must be d e c l a r e d .  The
a c t i o n  o f  d e c l a r i n g  a name a s s o c i a t e s  a  l o c a t i o n  o f  a c e r t a i n  ty p e  w hich
c a n  ho ld  v a lu e s  t h a t  t h e  name may t a k e .  I n  S - a lg o l  th e  programmer may
s p e c i f y  w he ther  th e  v a lu e  i s  c o n s ta n t  o r  v a r i a b l e .  A c o n s ta n t  may be
m a n ip u la te d  i n  e x a c t l y  th e  same manner as  a v a r i a b l e  e x c e p t  t h a t  i t  may n o t  
be  u p d a te d .
When i n t r o d u c i n g  a name th e  programmer must i n d i c a t e  th e
i d e n t i f i e r ,  t h e  ty p e  o f  t h e  d a ta  o b j e c t ,  w h e th e r  i t  i s  v a r i a b l e  o r  c o n s t a n t
and i t s  i n i t i a l  v a lu e .  By f o r c i n g  th e  u s e r  t o  s p e c i f y  an i n i t i a l  v a lu e  one
ty p e  of e r r o r ,  t h a t  o f  an u n i n i t i a l i s e d  name, i s  c o m p le te ly  e l i m i n a t e d  and
need  n o t  be checked  f o r .
V a r i a b l e s  a r e  d e c l a r e d  by
l e t  I  := E
w here I  i s  an i d e n t i f i e r  and  E i s  a c l a u s e  r e s u l t i n g  in  a  d a ta  v a lu e .
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e . g .
l e t  a  ;= 1
i n t r o d u c e s  an i n t e g e r  v a r i a b l e  w i th  i n i t i a l  v a lu e  1 . N o t ice  t h a t  t h e  
c o m p i le r  can deduce th e  t y p e .
A c o n s t a n t  i s  d e c l a r e d  by
l e t  I  = E
e . g .
l e t  d i s c r im  = b * b - 4 . 0 * a * c
i n t r o d u c e s  a r e a l  c o n s t a n t  w i th  t h e  c a l c u l a t e d  v a l u e .  The co m p ile r  w i l l  
d e t e c t  and f l a g  as  an e r r o r  any  a t te m p t  t o  a l t e r  a  c o n s t a n t .
1 .2 2
Z.* Compound D ata  O b je c ts
S - a lg o l  a l lo w s  t h e  programmer to  group t o g e t h e r  d a ta  o b j e c t s  i n t o  
l a r g e r  compound o b j e c t s  which may th en  be t r e a t e d  as  s i n g l e  o b j e c t s .  I f  th e  
c o n s t i t u e n t  o b j e c t s  a r e  o f  t h e  same ty p e  a v e c to r  i s  u s e d  and a s t r u c t u r e
o t h e r w i s e .  The v e c t o r s  and s t r u c t u r e s  h a v e  th e  f u l l  " c i v i l  r i g h t s "  of  any
o t h e r  d a ta  o b j e c t  i n  S - a l g o l .  However, from  an e f f i c i e n c y  p o i n t  o f  v iew  i t  
i s  unw ise  t o  copy t h e s e  o b j e c t s  on a s s ig n m e n t .  To overcome t h i s ,  o b j e c t s
of ty p e  *T o r  p n t r  a r e  r e g a r d e d  as p o i n t e r s  t o  v e c t o r s  and s t r u c t u r e s
r e s p e c t i v e l y .  The v a lu e  o f  a  v e c to r  o r  s t r u c t u r e  can th e n  be r e g a r d e d  as
i t s  p o i n t e r .
The co n c ep t  o f  c o n s ta n c y  must a l s o  be re v ie w e d .  The p o i n t e r
i t s e l f  may be c o n s ta n t  or v a r i a b l e  a s  may th e  e le m e n ts  or f i e l d s .  The
lan g u a g e  must p r o v id e  f o r  e a c h  p o s s i b i l i t y .
7 .1  V e c to rs
A v e c t o r  p r o v id e s  a  method o f  g ro u p in g  to g e t h e r  o b j e c t s  o f  t h e
same ty p e .  S ince  S - a lg o l  does  n o t  a l l o w  u n d e f in e d  v a lu e s  a l l  th e  i n i t i a l
v a lu e s  of t h e  e le m en ts  must be s p e c i f i e d .  The s y n ta x  i s
BNF (§< c l a u s e  >of [c]<  ty p e  >< b ra  >< c l a u s e . l i s t  >< k e t  >
TR @{ i n t  } o f [ c ] < t y p e X  b ra  >{ T } ,{  T } , . . . . {  T }< k e t  > => { * . . T  }
e . g .
@1 o f  i n t  [ 1 , 2 , 3 , 4  ]
i s  a  v e c t o r  o f  i n t e g e r s ,  i . e  * i n t , w i th  lower bound 1 and v a lu e s  1, 2 ,  3 
and 4 .  The e le m e n ts  a r e  v a r i a b l e .
Also
l e t  a  be := @1 o f  i n t  [ 1 , 2 , 3 , 4  ] 
i n t r o d u c e s  a v a r i a b l e  " a b c "  o f  ty p e  * i n t  and t h a t  i n i t i a l  v a lu e .
1 .2 3
M u lt i  d im e n s io n a l  v e c t o r s  w hich a r e  n o t  n e c e s s a r i l y  r e c t a n g u l a r  
c an  a l s o  be c r e a t e d .
e . g .
l e t  P a s c a l  = @1 o^  c*c i n t [
@1 2Ê  1 ] »
@1 o f  c i n t [ 1 ,2 ,1  ] ,
@1 o f  c i n t [ 1 , 3 , 3 , 1  ] ,
@1 o f  c i n t [ 1 , 4 , 6 , 4 , 1  ] ,
@1 _of c i n t [ 1 , 5 , 1 0 , 1 0 , 5 , 1  ] ]
P a s c a l  i s  o f  ty p e  * * i n t .  However i t  i s  c o n s ta n t  a s  a r e  a l l  i t s  
e le m e n t s .  This  i s  a  f i x e d  t a b l e .
T h is  form  of v e c t o r  e x p r e s s io n  i s  som etim es v e ry  t e d io u s  t o  w r i t e  
e s p e c i a l l y  f o r  l a r g e  r e c t a n g u l a r  v e c to r  w i th  a common v a lu e .  T h e re fo re
a n o th e r  form  o f  v e c t o r  e x p r e s s io n  i s  a v a i l a b l e .
BNF v e c t o r  < bounds > oÆ < c l a u s e  >
where < bounds > : : =  < c l a u s e  > : :<  c la u s e  > [ ,<  bounds > ]
TR v e c t o r  { i n t  } : : {  i n t  } , . . . . , {  i n t  } : ; {  i n t  } o ^  { T } => { *  T }
e . g .
v e c to r  -1 : ;3 jof -2
p ro d u ces  a  f i v e  e le m en t  i n t e g e r  v e c to r  w i th  a l l  t h e  e le m e n ts  v a r i a b l e  and 
i n i t i a l i s e d  t o  - 2 .
I n  o r d e r  t h a t  t h e  c o m p ile r  can  check  t h a t  no c o n s ta n t  w i l l  be 
u p d a te d  i t  i s  n e c e s s a r y  t h a t  o b j e c t s  o f  ty p e  *T and ty p e  *cT a r e  made
i n c o m p a t ib le .  In  p r a c t i c e  t h i s  i s  a  s m a l l  r e s t r i c t i o n .
1 .2 4
DpD and Lwb
S ince  v e c t o r s  may be p a s se d  a round , i t  i s  o f t e n  n e c e s s a r y  to  
i n t e r r o g a t e  t h e  v e c to r  t o  f i n d  i t s  bounds .  The f u n c t i o n s  upb and lwb a re  
p ro v id e d  i n  S - a lg o l  f o r  t h i s  p u r p o s e .
2 ' 2  S t r u c t u r e s
O b je c ts  o f  d i f f e r e n t  ty p e s  can be g rouped  to g e t h e r  i n t o  a 
s t r u c t u r e .  To e n s u re  s t r o n g  ty p in g  i n  t h e  lan g u ag e  th e  s t r u c t u r e  c l a s s  and 
t h e  f i e l d s  have  t o  be g iv e n  nam es. The f i e l d s  may o f  c o u rs e  be c o n s ta n t  or 
v a r i a b l e .
B e fo re  a s t r u c t u r e  can be c r e a t e d  th e  shape  o f  i t s  s t r u c t u r e  
c l a s s  must be d e c l a r e d .
< s t r u c t u r e . d e c l  > ; : =  s t r u c t u r e <  i d e n t i f i e r  > [(<  s . d e c . l i s t  > )]
< s . d e c . l i s t  > : : =  [c]<  ty p e  >< i d e n t i f i e r . l i s t  > [ ;<  s . d e c . l i s t  >]
e . g .
s t r u c t u r e  p e rs o n (  e s t r i n g  name ; boo l se x  ; i n t  a g e ,h e i g h t  )
d e c l a r e s  a s t r u c t u r e  c l a s s ,  p e r s o n ,  w i th  4 f i e l d s  o f  ty p e  s t r i n g , b o o l , i n t  
and i n t  r e s p e c t i v e l y .  The s t r i n g  f i e l d  i s  c o n s t a n t .  I t  a l s o  d e c l a r e s  t h e  
f i e l d  names, name, s e x ,  a g e  and h e i g h t .  To c r e a t e  an o b j e c t  of  t h i s  ty p e  
r e q u i r e s  an e x p r e s s io n  o f  t h i s  ty p e
p e r s o n ( "Ronald M o r r i s o n " , t r u e , 33 ,175  )
T h is  e x p r e s s io n  i s  o f  ty p e  p n t r .
1 .25
Z,*^ and I s n t
The u s e r  may w ish  t o  c heck  t h a t  a p o i n t e r  i s  o f  a  c e r t a i n  c l a s s .
The b in a r y  o p e r a t o r s  i s n t  a r e  p r o v id e d .
BNF < exp > 2 ë. i d e n t i f i e r  >
TR { p n t r  } , ........... Tn ) - s t r u c t u r e  } => { boo l }
I f  t h e  p o i n t e r  i s  o f  th e  c o r r e c t  c l a s s  is .  g iv e s  t h e  r e s u l t  t r u e  
and i s n t  g iv e s  f a l s e .
In d e x in g
To o b t a i n  th e  e le m e n ts  o f  a v e c to r  o r  th e  f i e l d s  o f  a s t r u c t u r e
in d e x in g  i s  u s e d .  For a  v e c t o r ,  t h e  in d e x  i s  an i n t e g e r  and f o r  a
s t r u c t u r e  t h e  f i e l d  name i s  u s e d .
BNF < name >(< c l a u s e  >)
TR v e c to r  { *T }({ i n t  }) => { T }
TR s t r u c t u r e s  { p n t r  }({ T - f i e l d  }) => { T ]
B efo re  any  in d e x in g  i s  p e rfo rm ed  th e  bounds o f  t h e  v e c to r  a r e  
checked  a g a in s t  t h e  i n d e x  f o r  l e g a l i t y  and in  t h e  c a s e  o f  t h e  s t r u c t u r e ,  
t h e  c l a s s  o f  t h e  s t r u c t u r e  i s  checked .
The comma n o t a t i o n  may be u se d  f o r  v e c t o r s  or  s t r u c t u r e s  when th e
e le m e n ts  o r  f i e l d s  a r e  th e m s e lv e s  p o i n t e r s .  The in d e x in g  o f  v e c t o r s  and
s t r u c t u r e s  may t h e r e f o r e  be m ixed .
BNF < name >(< c l a u s e  >)
TR v e c to r  { * , ...........*T }({ i n t  } ,{  i n t  } , . . . . . {  i n t  }) => { T }
TR s t r u c t u r e  { p n t r  }({ T 1 - f i e l d  T n - f i e l d  }) => { Tn }
1 .2 6
Z*Z E q u a l i t y  of P o i n t e r s
E q u a l i t y  i s  d e f in e d  on a l l  d a t a  o b j e c t s  i n  S - a l g o l .  I n  th e  c a se  
of compound o b j e c t s  e q u a l i t y  means t h e  e q u a l i t y  o f  t h e  p o i n t e r .  That i s ,  
f o r  two v e c t o r s  or s t r u c t u r e s  t o  be e q u a l  th e y  must be t h e  same i n c a r n a t i o n  
of t h e  same o b j e c t .
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Z* C lau ses
The e x p r e s s io n  i s  a  s p e c i a l  ty p e  o f  c l a u s e  w hich  a l lo w s  th e  
o p e r a t o r s  i n  th e  lan g u a g e  t o  be used  to  p roduce  d a ta  o b j e c t s .  There a r e  
o t h e r  s ta t e m e n ts  i n  S - a lg o l  w hich  a l lo w  th e  d a ta  o b j e c t s  t o  be m a n ip u la te d  
and some w hich  a r e  t h e r e  t o  c o n t r o l  th e  f low  o f  th e  p rogram . These a r e  now 
d i s c u s s e d .
A ssignm ent C lause
BNF < name > ; : =  < c l a u s e  >
TR { T } := { T } => { v o id  }
e . g .
d i s c r im  := b * b -  4 .0  * a  * c
g i v e s  d i s c r im  th e  v a lu e  o f  t h e  e x p r e s s io n  on th e  r i g h t .  Of c o u r s e ,  t h e  name 
m ust have been d e c la r e d  as a v a r i a b l e  and no t  a c o n s t a n t .  The c la u s e  a l lo w s  
t h e  v a lu e  t o  be a l t e r e d .
2 * 2  2 2  C lau se
There  a r e  two forms
BNF i f <  c la u s e  >do< c l a u s e  >
TR i f { b oo l  }do{ v o id  } => { v o id  }
This  i s  t h e  s i n g l e  p ronged  v e r s i o n .  I f  t h e  c o n d i t i o n  a f t e r  th e
i s  t r u e  th e n  th e  c l a u s e  a f t e r  th e  do i s  e x e c u te d .
e .g .
i f  a  < b do a := 3
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The second  v e r s i o n  i s
BNF i f <  c l a u s e  > then< c l a u s e  > e lse<  c l a u s e  >
TR i f { boo l  }t h e n { T } e l s e { T } => { T }
This  a l lo w s  a c h o ic e  betw een two a c t i o n s  t o  be made. I f  th e  f i r s t  
c l a u s e  i s  t r u e  t h e  second  c l a u s e  i s  e x e c u te d ,  o th e r w is e  t h e  t h i r d  c l a u s e  i s  
e x e c u te d .  N o t ic e  t h a t  t h e  second and t h i r d  c l a u s e s  a r e  o f  t h e  same ty p e  and
t h e  r e s u l t  i s  o f  t h a t  t y p e .
e . g .
i f  X = 0 th e n  y : = 1 e l s e  x := y -  1 
l e t  temp = 2 2  a < b th e n  1 e l s e  5
2 * 2  Case C lause
The c a se  c l a u s e  i s  a g e n e r a l i s a t i o n  o f  th e  c l a u s e  which a l lo w s
t h e  s e l e c t i o n  o f  one i te m  from  a number o f  p o s s i b l e  o n e s .  The s y n ta x  i s
BNF case<  c l a u s e  >of< c a s e . l i s t  > d e f a u l t ; < c l a u s e  >
< c a s e . l i s t  > : : =  < c l a u s e . l i s t  >;< c l a u s e  > [ ;<  c a s e . l i s t  >]
< c l a u s e . l i s t >  : <  c l a u s e  > [ ,<  c la u s e  >]*
TR c a se  { T1 }
{ T1 } ,{  T1 } , .................. { T1 } : { T2 }
e .g .
{ T1 } ,{  T1 } , .................. { T1 } : { T2 }
d e f a u l t  : { T2 } => { T2 }
c a s e  n e x t . c a r . c o l o u r  o f
1 ,4
2
3
d e f a u l t
'g ree n "
" b lu e "
" re d "
"any"
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The v a lu e  n e x t . c a r . c o l o u r  i s  compared in  s t r i c t  o r d e r ,  i . e  l e f t  
t o  r i g h t ,  to p  t o  b o t to m , w i th  t h e  e x p r e s s io n s  on th e  l e f t  hand  s i d e  o f  th e  
c o lo n .  When a m atch  i s  fou n d  th e  c l a u s e  on th e  r i g h t  hand  s i d e  i s  e x e c u te d .  
C o n t r o l  i s  th e n  t r a n s f e r r e d  to  th e  n e x t  c l a u s e  a f t e r  t h e  c a se  c l a u s e .  I f  
no  match i s  found  th e n  th e  d e f a u l t  c l a u s e  i s  e x e c u te d .  The above c a se  
c l a u s e  has r e s u l t  t y p e  s t r i n g .
2 * 2  R epeat W hile Do C lau se
There a r e  t h r e e  forms o f  t h i s  c l a u s e  w hich a l l o w  lo o p s  t o  be s e t
up w i t h  t h e  t e s t  a t  t h e  s t a r t ,  t h e  end o r  th e  m idd le  o f  th e  lo o p .
BNF r e p e a t<  c l a u s e  >w h ile<  c l a u s e  > [do< c l a u s e  >]
w h ile<  c l a u s e  >do< c l a u s e  >
TR r e p e a t { v o id  }w h i l e { boo l  } [do{ v o id  }] => { v o id  }
w h i l e { boo l  }d o { v o id  } => { v o id  }
I n  each  o f  t h e  t h r e e  forms th e  lo o p  i s  e x e c u te d  u n t i l  th e  bo o lean
c l a u s e  i s  f a l s e .  The w h i le  do v e r s i o n  i s  u se d  to  p e r fo rm  a loop  ze ro  o r
many t im es  w hereas  t h e  r e p e a t  w h i l e  i s  u s e d  f o r  one o r  many t im e s .  The 
t h i r d  form i s  a  m ix tu re  o f  t h e  two.
1 .3 0
8_»2 C lause
The f o r  c l a u s e  i s  i n c lu d e d  in  t h e  lan g u a g e  a s  a  b i t  o f  s y n t a c t i c
s u g a r  where i t  i s  known i n  advance  how many t im es  t h e  loop  w i l l  be
exe cu t  e d .
BNF fo r<  i d e n t i f i e r  >=< c l a u s e  >to< c l a u s e  > [by< c l a u s e  >]do< c la u s e  >
TR fo r<  i d e n t i f i e r  >={ i n t  }to{  i n t  } [b y { i n t  } ]do{ v o id  } => { v o id  }
The c l a u s e s  a r e  t h e  i n i t i a l  v a lu e ,  th e  l i m i t ,  t h e  in c re m e n t  and
t h e  c la u s e  t o  be r e p e a t e d  r e s p e c t i v e l y .  The f i r s t  t h r e e  a r e  o f  ty p e  i n t  and
a r e  c a l c u l a t e d  on ly  once a t  t h e  s t a r t .  I f  t h e  in c re m e n t  i s  1 th e n  th e  
in c re m e n t  c l a u s e  may be o m i t t e d .  The i d e n t i f i e r  o r  c o n t r o l  c o n s t a n t  i s  
d e c l a r e d  a t  t h e  s t a r t  o f  t h e  v o id  c l a u s e  t a k i n g  on th e  v a lu e s  d e f in e d  by 
i n i t i a l  v a lu e ,  in c re m e n t  and  l i m i t .
e .g .
l e t  f a c t o r i a l  := 1 ; l e t  n = 8
f o r  i  = 1 t o  n do f a c t  := f a c t  * i
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2* Sequences and Scope R u les
< sequence  > ; : = = <  d e c l a r a t i o n  > [ ;<  seq u en ce  >]1
< c l a u s e  > [ ;<  sequence  >]
< empty >
w i t h  ty p e  r u l e s
< d e c l a r a t i o n  > ==> { v o id  }
{ v o id  } ; { T } = > { T }
< empty > => { v o id  }
That i s ,  a sequence  o f  c l a u s e s  i s  made up o f  any  m ix t u r e ,  in  any  
o r d e r ,  o f  d e c l a r a t i o n s  and c l a u s e s .  The ty p e  o f  t h e  sequence  i s  t h e  ty p e  o f  
t h e  l a s t  c l a u s e  o r  d e c l a r a t i o n .  I f  t h e r e  i s  more th a n  one o b j e c t  i n  a 
s e q u en c e  th e n  a l l  b u t  t h e  l a s t  must be o f  ty p e  v o id .
9 .1  B ra c k e ts
B ra c k e ts  a r e  u sed  to  make a sequence  o f  c l a u s e s  and d e c l a r a t i o n s  
i n t o  a s i n g l e  c l a u s e .  They a re
b e g in  o r  { < sequence  > }
< sequence  >
end
The {} method i s  t h e r e  t o  a l lo w  a  c l a u s e  t o  be w r i t t e n  c l e a r l y  on one l i n e ,  
e . g .
l e t  i  ;= 2
f o r  j  = 1 JLo 5 22. { i  Î -  i  * i  i w r i t e  i  }
However, i f  t h e  c l a u s e  i s  lo n g e r  th a n  one l i n e  t h e  f i r s t
a l t e r n a t i v e  shou ld  be u sed  f o r  g r e a t e r  c l a r i t y .
1 .3 2
2*2. Scope R u les
Any i d e n t i f i e r  t h a t  i s  d e c l a r e d  has  i t s  sc o p e  l i m i t e d  t o  th e  
f o l l o w in g  se q u e n c e .  T his  means t h a t  t h e  scope  o f  an i d e n t i f i e r  s t a r t s  
im m ed ia te ly  a f t e r  th e  d e c l a r a t i o n  and c o n t in u e s  up t o  th e  n e x t  unmatched { 
o r  end .
e .g .
I
scope
o f
sum
I
I
I
I
scope
of
v a r
sco p e  o f  
sum.sq
l e t  sum = 3
l e t  s t d  := sum + 15 .0
l e t  v a r  = r e a d r
i f  sum = v a r  do
b e g in
w r i t e  s u m ,s t d ,v a r
l e t  sum .sq = sum * s t d
w r i t e  s u m .s q , sum .sq * sum.sq
end?
I f  t h e  same i d e n t i f i e r  i s  d e c l a r e d  in  an  i n n e r  se q u en c e ,  th e n  
w h i le  th e  i n n e r  name i s  i n  scope  th e  o u t e r  one i s  n o t .
1 .33
10 . P ro c ed u re s
P ro c e d u re s  i n  S - a lg o l  c o n s t i t u t e  t h e  a b s t r a c t i o n s  over 
e x p r e s s i o n s ,  i f  th e y  r e t u r n  a v a lu e ,  and c l a u s e s  o f  ty p e  v o id  i f  t h e y  do 
n o t .  In  a c c o rd a n c e  w i th  t h e  p r i n c i p l e  o f  c o rre sp o n d e n c e  any  method o f  
i n t r o d u c i n g  a name i n  a d e c l a r a t i o n  has  an e q u iv a l e n t  fo rm  as  a p a ra m e te r .
Thus, d e c l a r a t i o n s  o f  d a ta  o b j e c t s  g iv in g  a name an  i n i t i a l  v a lu e  
i s  e q u iv a l e n t  t o  a s s i g n i n g  th e  a c t u a l  p a ra m e te r  v a lu e  t o  th e  fo rm a l  
p a r a m e te r .  S ince  t h i s  i s  t h e  o n ly  ty p e  o f  d e c l a r a t i o n  f o r  d a ta  o b j e c t s  in  
t h e  la n g u a g e ,  i t  i s  a l s o  th e  o n ly  p a ra m e te r  p a s s in g  mode and  i s  commonly 
known a s  " c a l l  by v a lu e " .
L ik e  d e c l a r a t i o n s ,  t h e  fo rm a l  p a ra m e te r  r e p r e s e n t i n g  d a ta  o b j e c t s  
m ust have a name, a ty p e  and an i n d i c a t i o n  o f  w he ther  i t  i s  v a r i a b l e  o r  
c o n s t a n t .  The name i s  an i d e n t i f i e r ,  t h e  ty p e  i s  t h e  ty p e  name which i s  
p rep e n d e d  w i th  t h e  l e t t e r  c i f  t h e  o b j e c t  i s  c o n s t a n t .  A p ro c e d u re  w hich 
r e t u r n s  a v a lu e  must a l s o  s p e c i f y  i t s  r e t u r n  ty p e .
P r o c e d u r e s ,  s t r u c t u r e  c l a s s e s  and f i e l d s  may a l s o  be p a s se d  as  
p a ra m e te r s  t o  com p le te  t h e  p r i n c i p l e  o f  c o r r e s p o n d e n c e .  F o r  ty p e  c h e c k in g ,  
t h e  argum ent and r e s u l t  t y p e s  o f  t h e  p ro c e d u re s  and th e  f i e l d  ty p e s  of 
s t r u c t u r e  c l a s s e s  must be g iven  i n  f u l l  when th e y  a r e  p a s s e d  as  p a r a m e te r s .  
W hereas t h e  c o n s ta n c y  o f  a fo rm a l  p a ra m e te r  o f  a  p ro c e d u re  w hich i s  i t s e l f  
a fo rm a l  p a ra m e te r  i s  im m a te r i a l  i t  i s  n o t  so  w i th  s t r u c t u r e  f i e l d s  and to  
a v o id  th e  p o s s i b i l i t y  o f  a l t e r i n g  a  c o n s t a n t ,  t h e  c o n s ta n c y  a t t r i b u t e  o f  
t h e  f i e l d s  must be t h e  same i n  t h i s  c a s e .
' ' t .  'I*
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The s y n ta x  o f  t h e  p ro ce d u re  d e c l a r a t i o n  i s
< p r o c . d e c l  >
< T .s p e c  >
< p a r a m . l i s t  >
< p a ra m .ty p e  >
< p r o c . t y p e  >
< t y p e Z . l i s t  >
< t y p e l  >
< a rro w  >
p ro ce d u re <  i d e n t i f i e r  >[< T .s p e c  > ] ;<  c la u s e  > 
:= ( [<  p a r a m . l i s t  > ][<  a rrow  >< ty p e  > ])
:= < p a ra m .ty p e  > [ ;<  p a r a m . l i s t  >]
:== < ty p e l  >< i d e n t i f i e r . l i s t  > |<  s t r u c t u r e . d e c l  >
< p r o c . t y p e  >< i d e n t i f i e r . l i s t  >
: ; =  ( [<  t y p e Z . l i s t  > ][<  a rrow  >< ty p e  > ])
; <  t y p e l  > [ ,<  t y p e 2 . 1 i s t  > ] |
< p r o c . t y p e  > [ ,<  t y p e 2 . 1 i s t  > ] |
< s t r u c t u r e . d e c l  > [ ,<  t y p e 2 . 1 i s t  >]
: : =  [c]< ty p e  >
The p ro c e d u re  c a l l  has t h e  f o l l o w in g  s y n ta x
< i d e n t i f i e r  > [(<  e x p r e s s i o n . l i s t  > )]
There  must be a o n e - to -o n e  c o rre sp o n d e n c e  betw een th e  a c t u a l  and 
fo rm a l  p a ra m e te r s  and t h e i r  t y p e s .  The ty p e  o f  t h e  above  c la u s e  i s  th e  
t y p e  of t h e  p r o c e d u r e .
1 .3 5
10.1  Forward D e c l a r a t i o n s
In  S - a lg o l  a l l  names must be d e c l a r e d  b e f o r e  th e y  can be u sed  and 
a name comes i n t o  scope  im m ed ia te ly  a f t e r  i t s  d e c l a r a t i o n .  This i s  awkward 
when r e c u r s i v e  p ro c e d u re  d e f i n i t i o n s  a r e  in v o lv e d .  T h e re fo re  i n  th e  c a se  o f  
t h e  p r o c e d u r e ,  t h e  name comes i n t o  scope  a f t e r  th e  p a ra m e te r  l i s t  h a s  been 
s p e c i f i e d  a l lo w in g  p r o c e d u re s  t o  c a l l  th e m s e lv e s .
A fo rw ard  d e c l a r a t i o n  i s  r e q u i r e d  f o r  m u tu a l ly  r e c u r s i v e  
p r o c e d u r e s .  I t s  s y n t a x  i s
fo rw ard  < i d e n t i f i e r  >[< p r o c . t y p e  >]
T h is  i s  m ere ly  an a i d  t o  th e  c o m p i le r .  However, t h e r e  i s  one r u l e
w i t h  fo rw ard  d e c l a r a t i o n s  t h a t  h a s  n o th in g  t o  do w i th  t h e  one pass  n a tu r e
of  t h e  c o m p i le r  b u t  w i th  t h e  d e c i s i o n  t o  a l lo w  c l a u s e s  and d e c l a r a t i o n s  t o  
be  f r e e l y  m ixed . To a v o id  th e  p o s s i b i l i t y  o f  an u n i n i t i a l i s e d  name b e in g
used  by jumping over a  d e c l a r a t i o n  , a fo rw ard  d e c l a r a t i o n  and th e  a c t u a l
d e c l a r a t i o n  may o n ly  be s e p a r a t e d  by s t r u c t u r e  c l a s s  d e c l a r a t i o n s  and o th e r  
p r o c e d u r e  d e c l a r a t i o n s .  I n  o t h e r  words i t s  u s e  i s  r e s t r i c t e d  to  m utua l  
r e c u r s i o n  s i t u a t i o n s .
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11 . I n p u t  and O u tpu t
The S - a lg o l  I /O  sy s tem  o p e r a t e s  on f i l e s .  A f i l e  i s  a c o l l e c t i o n  
of  d a t a .  Two f i l e s ,  s t a n d a r d  i n p u t  and s t a n d a r d  o u tp u t  w hich have  th e  
r e s e r v e d  i d e n t i f i e r s  s . i  and  s . o  r e s p e c t i v e l y ,  a r e  o f  s p e c i a l  i n t e r e s t .  
They r e p r e s e n t  i n  any im p le m e n ta t io n  th e  s t a n d a r d  in p u t  and  o u tp u t  d e v ic e s .  
I n  t h e  la n g u a g e  s . i  and s . o  a r e  v a r i a b l e s  o f  ty p e  f i l e . O ther  f i l e s  may be 
c r e a t e d  b u t  t h i s  i s  im p le m e n ta t io n  d e p e n d e n t .
11.1  In p u t
< r e a d . c l a u s e  > : := < r e a d . i d  > [ «  f i l e  >) ]
< r e a d . i d  > : r e a d  I r e a d i | r e a d r | r e a d b | r e a d s | p e e k |
b . r e a d i 1b . r e a d r | b . r e a d b | b . r e a d s
The r e a d  f u n c t i o n s  a r e  i n  two fo rm s .  One r e g a r d s  t h e  f i l e  a s  a  
s e r i e s  o f  c h a r a c t e r s  and th e  o t h e r  a s  b in a r y  d i g i t s .  The two can be mixed 
f r e e l y  bu t  e x t r a  c a re  sh o u ld  be  t a k e n  when th e  b i n a r y  fo rm  i s  u se d  s in c e  no 
c h e c k in g  o f  t h e  i n p u t  i s  p o s s i b l e .  The f u n c t i o n s  mean
peek  form  th e  n e x t  c h a r a c t e r  i n t o  a s t r i n g .
Do n o t  advance  th e  i n p u t  s t r e a m ,  
r e a d  form  th e  n e x t  c h a r a c t e r  i n t o  a  s t r i n g ,
r e a d i , b . r e a d i  r e a d  an i n t e g e r ,
r e a d r , b . r e a d r  r e a d  a r e a l ,
r e a d b ,b . r e a d b  r e a d  a b o o le a n ,
r e a d s , b . r e a d s  r e a d  a s t r i n g .
In  th e  c h a r a c t e r  r e a d ,  t h e  c h a r a c t e r s  a r e  r e a d  u n t i l  th e  l i t e r a l  
o f  t h e  r e q u i r e d  ty p e  i s  fo rm ed . I n  t h e  b i n a r y  c a s e ,  o n ly  th e  c o r r e c t  number 
of b i t s  from  t h e  i n t e r n a l  r e p r e s e n t a t i o n  o f  t h e  o b j e c t  a r e  r e a d .  The b i n a r y  
form i s  t h e r e  t o  a l lo w  program s t o  pass  in f o r m a t io n  w i th o u t  h a v in g  to  code
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i t  i n t o  c h a r a c t e r s .
The f i l e  d e s c r i p t o r  may be o m i t t e d  i f  t h e  s t a n d a r d  in p u t  i s  u s e d .
e . g .
l e t  a = r e a d r
a i s  now a  c o n s ta n t  o f  ty p e  r e a l  w i th  t h e  v a lu e  o f  th e  r e a l  
l i t e r a l  j u s t  r e a d .  I n  t h e  i n p u t  s t r e a m ,  b l a n k s ,  t a b s  and n e w lin e s  b e fo re  
numbers a re  e l i d e d .
l e t  c = r e a d s ( s . i  )
r e a d s  a s t r i n g  l i t e r a l ,  a l s o  from th e  s t a n d a r d  i n p u t ,  and i n i t i a l i s e s  t h e  
c o n s t a n t  c to  t h a t  v a lu e .
11 .2  O utpu t
BNF
< w r i t e . c l a u s e  > : ; =  w r i t e <  w r i t e . l i s t  > | [ b . ] o u t p u t < c l a u s e  > ,<  w r i t e . l i s t  >
< w r i t e . l i s t  > : ; =  < c l a u s e  > [ :<  c la u s e  > ] [ ,<  w r i t e . l i s t  >]
TR
w r i t e  { Tl } [ :{  i n t  } ] ,{  T2 } [ ;{  i n t  } ] , ...........{ Tn } [ :{  i n t  }] => { v o id  }
b . o u t p u t  { f i l e  } ,{  Tl } [ :{  i n t  } ] ,  { Tn } [ :{  i n t  }] => { v o id  }
w r i t e  a l lo w s  o u tp u t  t o  th e  s t a n d a r d  o u t p u t ,  s . o ,  o n ly  w hereas  
o u tp u t  and b .o u t p u t  t a k e  a f i l e  d e s c r i p t o r  a s  t h e  f i r s t  d a ta  o b j e c t .
Example
w r i t e  " I  am O .K ." ,3 2 1 6 0 ,3 , 4 e - 2 , "Done"
w i l l  w r i t e  t h a t  l i s t  o f  o b j e c t s  t o  th e  s t a n d a r d  o u tp u t  and
w r i t e  13 .2  : 16, 3 : 10, 152 ; 3
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w i l l  w r i t e  1 3 .2 ,  3 and 152 to  th e  s t a n d a r d  o u tp u t  r i g h t  j u s t i f i e d  in  f i e l d s  
of w id th  16, 10 and 3 r e s p e c t i v e l y .
Note t h a t  t h e  f i e l d  may be any  i n t e g e r  e x p r e s s io n  a l lo w in g  
v a r i a b l e  f o r m a ts .  I f  t h e  f i e l d  s i z e  i s  m is s in g  o r  th e  o b j e c t  canno t f i t
i n t o  i t ,  th e n  t h e  o b j e c t  i s  w r i t t e n  o u t  i n  i t s  e x a c t  s i z e .
11 .3  ®.*1?. ^ .w
Types i n t  and  r e a l  have one o t h e r  f a c i l i t y .  The p r e d e f in e d  
i n t e g e r  v a r i a b l e s
i .w  i n t e g e r  w id th  i n i t i a l l y  12
s .w  space  w id th  i n i t i a l l y  2
r .w  r e a l  w id th  i n i t i a l l y  14
may be u se d  t o  c o n t r o l  o u t p u t ,  s .w  s p a c e s  a r e  w r i t t e n  o u t  a f t e r  any  i n t e g e r  
o r  r e a l ,  i .w  and r .w  a r e  used  to  s e t  t h e  f i e l d  s i z e s  f o r  i n t e g e r s  and r e a l  
r e s p e c t i v e l y ,  b u t  may be o v e r r id d e n  by th e  f i e l d  s i z e  i n  t h e  w r i t e  c l a u s e .
I f  t h e  number f i t s  n e i t h e r  th en  th e  e x a c t  s i z e  i s  w r i t t e n .
11 .4  E fo rm a t , F fo rm at and Gformat
These s t a n d a r d  f u n c t i o n s  t a k e  a r e a l  number and r e t u r n  a s t r i n g  
r e p r e s e n t i n g  t h a t  number i n  ro u g h ly  F o r t r a n  E, F o r  G f o r m a t .  Gforamat w i l l  
r e t u r n  th e  s t r i n g  i n  e i t h e r  E o r  F f o rm a t ,  w h ichever  i s  a p p r o p r i a t e .
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The f u n c t i o n s  a r e
p ro ce d u re  f f o r m a t ( r e a l  no ; i n t  w,d ->  s t r i n g  )
p ro c e d u re  e fo r m a t (  r e a l  no ; i n t  w,d -> s t r i n g  )
p ro c e d u re  g f o rm a t ( r e a l  no ->  s t r i n g  )
w here
no i s  t h e  r e a l  t o  be c o n v e r te d
w th e  number o f  p l a c e s  b e fo r e  t h e  de c im al  p o in t
n o t  i n c l u d i n g  th e  s ig n  
d th e  number o f  p l a c e s  a f t e r  th e  d e c im a l  p o in t
L ead ing  z e r o s  a r e  c o n v e r te d  to  b la n k s  and th e  s i g n  i f  n e g a t i v e  i s  
p l a c e d  n e x t  t o  th e  number.
Thus
f f o r m a t ( - 3 1 . 6 , 3 , 2  ) would y i e l d  " - 3 1 .6 0 "
and
eformatC 3 2 . 3 ,1 ,2  ) would g iv e  " 3 .23e+ 01"  
g fo rm at r e t u r n s  th e  r e a l  number i n  E o r  F fo rm a t  depend ing  on i t s
m ag n i tu d e .
U.5  End oÆ F i l e
A t e s t  f o r  end  o f  f i l e  can be made u s in g  th e  s t a n d a r d  f u n c t i o n
e o f .
e o f [ ( <  f i l e  d e s c r i p t o r  > )]
e . g .
w h i le  ~eof do w r i t e  r e a d
c o p ie s  t h e  i n p u t  s t r e a m  t o  th e  o u tp u t  s t r e a m  u n t i l  th e  end  o f  th e  i n p u t  
s t r e a m  i s  r e a c h e d .
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12 . S ta n d a rd  F u n c t io n s  and I d e n t i f i e r s
S - a lg o l  d e f i n e s  a number o f  f u n c t i o n s  f o r  th e  u s e r .  These 
r e s e r v e d  names may be a p p l i e d  as f u n c t i o n s ,  b u t  s i n c e  t h e y  a r e  r e a l l y  
r e s e r v e d  w o rd s ,  th e y  may n o t  be p a s se d  as p a r a m e te r s .  T his  r e s t r i c t i o n  i s  
e a s i l y  overcom e. For  co m p le te n e ss  t h e y  a re  a l l  l i s t e d  h e r e .
p ro c e d u re  s q r t (  r e a l  x  -> r e a l  )
! t h e  p o s i t i v e  s q u a re  r o o t  o f  x where x >= 0
p ro c e d u re  exp (  r e a l  x -> r e a l  )
! e t o  th e  power x
p ro c e d u re  l n (  r e a l  x ->  r e a l  )
! t h e  l o g a r i th m  o f  x to  th e  ba se  e where x > 0
p ro c e d u re  s i n (  r e a l  x ->  r e a l  )
! s i n e  o f  x (  r a d i a n s  )
p ro c e d u re  c o s (  r e a l  x ->  r e a l  )
! c o s in e  o f  x (  r a d i a n s  )
p ro c e d u re  a t a n (  r e a l  x -> r e a l  )
! a r c t a n g e n t  o f  x ( r a d i a n s  ) where - tt /  2 < a t a n (  x ) < tt /  2 
p ro c e d u re  code(  i n t  n ->  s t r i n g  )
! s t r i n g  o f  l e n g t h  1 where s (  1 | 1 ) = c h a r a c t e r  w i th  
num eric  code a b s (  n rem 128 )
p ro c e d u re  decode( s t r i n g  s ->  i n t  )
! num eric  code  f o r  s (  I j l  )
p ro c e d u re  upb( *T a ->  i n t  )
! upper  bound o f  v e c to r  a
p ro c e d u re  lwb( *T a ->  i n t  )
! lower bound o f  v e c to r  a
p ro c e d u re  f l o a t ( i n t  n ->  r e a l  )
! th e  v a lu e  n a s  a r e a l  number
p ro c e d u re  t r u n c a t e ( r e a l  x -> i n t  )
! t h e  i n t e g e r  i  su c h  t h a t  | i |  <= |x |  < [ i l  + 1  where i  * x >= 0
p ro c e d u re  a b s (  r e a l  x ->  r e a l  )
! t h e  a b s o l u t e  v a lu e  o f  r e a l  number x
p ro c e d u re  a b s (  i n t  n ->  i n t  )
! t h e  a b s o lu t e  v a lu e  o f  i n t e g e r  n
1.41
p ro c e d u re  l e n g t h ( s t r i n g  s ~> i n t  )
! t h e  number o f  c h a r a c t e r s  i n  t h e  s t r i n g  s
p ro c e d u re  e f o r m a t ( r e a l  n ; i n t  w,d ->  s t r i n g  )
! t h e  s t r i n g  r e p r e s e n t i n g  n i n  F o r t r a n  E fo rm a t
p ro c e d u re  f f o r m a t ( r e a l  n ; i n t  w,d ->  s t r i n g  )
! t h e  s t r i n g  r e p r e s e n t i n g  n i n  F o r t r a n  F fo rm at
p r o c e d u re  g f o rm a t ( r e a l  n -> s t r i n g  )
! t h e  s t r i n g  r e p r e s e n t i n g  n i n  F o r t r a n  E o r  F fo rm at
p l u s  th e  r e a d  f u n c t i o n s  l i s t e d  in  s e c t i o n  11.1
12 .1  S ta n d a rd  I d e n t i f i e r s
A number o f  s t a n d a r d  i d e n t i f i e r s  e x i s t  i n  t h e  la n g u a g e .  They a re
r .w
s.w
I .w
S . I
s . o
m ax in t
e p s i l o n
p i
m axrea1
v a r i a b l e  i n i t i a l l y  14
v a r i a b l e  i n i t i a l l y  2
v a r i a b l e  i n i t i a l l y  12
v a r i a b l e  s e t  t o  th e  s t a n d a r d  in p u t
v a r i a b l e  s e t  t o  th e  s t a n d a r d  o u tp u t
c o n s t a n t ,  t h e  maximum i n t e g e r
c o n s t a n t ,  t h e  l a r g e s t  r e a l  e such  t h a t  1 + e
c o n s t a n t , p i
c o n s t a n t ,  t h e  l a r g e s t  r e a l
=  1
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Appendix  A
S-a l g o l  S yn tax
< program  > : :=  < sequence  >?
< s e q u en c e  > : :=  < d e c l a r a t i o n  > [ ;<  sequence  > ] |
< c l a u s e  > [ ;<  sequ ence  >]1
< empty >
< c l a u s e  > ; i f < c l a u s e  >do< c l a u s e  >1
i f <  c l a u s e  >th en <  c l a u s e  >e l s e <  c l a u s e  >| 
r e p e a t<  c l a u s e  >while< c l a u s e  > [do< c l a u s e  > ] | 
w h ile<  c l a u s e  >do< c l a u s e  >| 
f o r<  i d e n t i f i e r  >=< c l a u s e  >to< c l a u s e  >
[by< c l a u s e  >]do< c l a u s e  >1 
case<  c l a u s e  >of< c a s e . l i s t  > d e f a u l t : < c l a u s e  >|
< name >:=< c l a u s e  >|
< w r i t e  >1
< e x p r e s s io n  >
< e x p r e s s io n  > : : =  < e x p l  > [ or< e x p l  > ]*
< e x p l  > : : =  < exp2 > [and< exp2 >]*
< exp2 > : [ ~] < exp3 >[< r e l o p  >< exp3 >]
< exp3 > : : =  < exp4 >[< addop >< exp4 >]*
< exp4 > ; :=  [< addop >]< exp5 >[< m ultop  >< exp5 >]*
< exp5 > : :=  < name >1
< l i t e r a l  >|
(< c l a u s e  »  I 
{< sequence  > } | 
beg in<  sequence  > e n d |
< name >(< c l a u s e  >< b a r  > < c l a u s e  >))
@< c l a u s e  >of< t y p e l  >< b ra  >< c l a u s e . l i s t  >< k e t  > 
v e c to r <  bounds >of< c l a u s e  >|
< name > ; :=  < i d e n t i f i e r  > |<  e x p r e s s io n  > [(<  c l a u s e . l i s t  > ) ]*
< c l a u s e . l i s t  > < c l a u s e  > [ ,<  c la u s e  >]*
< c a s e . l i s t  > : : =  < c l a u s e . l i s t  >:< c la u s e  > ;[<  c a s e . l i s t  >]
< bounds > : ; =  < c l a u s e  > : : <  c l a u s e  > [ ,<  bounds >]
< b r a  > ; ; =  [
< k e t  > ]
< s t a r  > : :=  *
< addop > ;
< m ultop  >
< r e l o p  > :
< w r i t e  > :
1 .4 4
= + |  —
:= < s t a r  >| /  | d i v | rem |-H- 
= i s | i s n t | < | >!<=! >= | ~=|=
w r i t e <  w r i t e . l i s t  > 1 [b . ] o u t p u t < c la u s e  > ,< w r i t e . l i s t  >| 
< w r i t e . l i s t  > : : =  < c l a u s e  > [ : <  c l a u s e  > ] [ , <  w r i t e . l i s t  >]
< d e c l a r a t i o n  > : ;
< l e t . d e c l  >
< i n i t . o p  >
< s t r u c t u r e . d e c l  >
< f i e l d . l i s t  >
< p r o c . d e c l  >
< T .s p e c  >
< p a r a m . l i s t  >
< p a ra m .ty p e  >
< p r o c . t y p e  >
< t y p e Z . l i s t  >
< l e t . d e c l  >1
< s t r u c t u r e . d e c l  >1
< p r o c .d e c l  >|
< fo rw a rd  >
= l e t <  i d e n t i f i e r  >< i n i t . o p  >< c l a u s e  >
= s t r u c t u r e <  i d e n t i f i e r  >(< f i e l d . l i s t  >)
= < t y p e l  >< i d e n t i f i e r . l i s t  > [ ; <  f i e l d . l i s t  >] 
= p ro ce d u re <  i d e n t i f i e r  >[< T .s p e c  > ] ; <  c l a u s e  >
= ( [<  p a r a m . l i s t  >] [ <  a rrow  >< ty p e  > ] )
= < p a ra m .ty p e  > [ ; <  p a r a m . l i s t  >]
= < t y p e l  >< i d e n t i f i e r . l i s t  > |<  s t r u c t u r e . d e c l  >|
< p r o c . t y p e  >< i d e n t i f i e r . l i s t  >
:= ( [<  t y p e Z . l i s t  >] [< a rrow  >< ty p e  > ])
;= < ty p e l  > [ , <  t y p e Z . l i s t  > ] |
< p r o c . t y p e  > [ , <  t y p e Z . l i s t  > ] j
< s t r u c t u r e . d e c l  > [ , <  t y p e 2 . 1 i s t  >]
< t y p e l  > : : =  [c]< ty p e  >
< a r ro w  > : : =  ->
< fo rw a rd  > : := fo rw ard<  i d e n t i f i e r  >[< p r o c . t y p e  >]
< t y p e  > : i n t 1 r e a l | b o o l | s t r i n g ]p n t r | f i l e | < s t a r  >< t y p e l  >
< i d e n t i f i e r . l i s t  > : : =  < i d e n t i f i e r  > [ , <  i d e n t i f i e r  >]*
< i d e n t i f i e r  > : : =  < id  > |<  s t a n d a r d . i d  >
< i d  > : : =  < l e t t e r  > | < i d  >< l e t t e r  >1
< id  >< d i g i t  >1< id  >.
< d i g i t  > 0 | 1 | 2 | 3 | 4 | 5 | 6 | 7 | 8 | 9
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< l e t t e r  > : : =  a | b ! c | d | e | f 1 g | h 1i | j | k l 1 j m l n l o I p | q | r | s 11l u | v j w l x l y | z 1
A |B lC lD tE |F lG |H |IU |K lL |M |N 1 0 |P |Q |R |S |T !U |V lW lX |Y |Z
< l i t e r a l  > : := t r u e [f a l s e |
< u . i n t  >[ .< u . i n t  > ] [  e< s c a l e . f a c t o r  > ] | " [ <  c h a r  > ]*"
< c h a r  > ; : =  any a s c i i  c h a r a c t e r
< u . i n t  > : : =  < d i g i t  >[ < d i g i t  > ]*
< s c a l e . f a c t o r  > : : = [ <  addop > ]< u . i n t  >
< s t a n d a r d . i d  > : ; =  code I decode | upb | Iwb I f l o a t  | eo f
r e a d  1 r e a d i  I r e a d r  | readb  | r e a d s  | read .nam e  |
b . r e a d i  I b . r e a d r  | b . r e a d b  1 b . r e a d s  |
s i n  I cos  I exp 1 | s q r t  1 a t a n  | t r u n c a t e  j
abs  I l e n g t h  | f fo r m a t  | e fo rm at  | f i d d l e . r  |
r .w  I i .w  I s .w  t s . o  I s . i  |
m ax in t  | m ax re a l  I e p s i l o n  | p i
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Type M atching  R ules
< program  >< e o f  > => { v o id  }
< d e c l a r a t i o n  > => { v o id  }
{ v o id  } ; { T } => { T }
< empty > => { v o id  }
i f  { b o o l  } ^  { v o id  } => { v o id  }
i f  { b o o l  } th e n  { T } e l s e  { T } => { T }
r e p e a t  { v o id  } w h i l e  { boo l } [ do  ^ { v o id  } ] => { v o id  }
w h i le  { bo o l  } d ^  { v o id  } => { v o id  }
f o r  < i d e n t i f i e r  > = { i n t  } { i n t  }
[ { i n t  }] ^  { v o id  } => { v o id  }
c a s e  { T1 } o f  { T1 },{  T1 } . . . . {  T1 } : { T2 }
d e f a u l t  : { T2 } => { T2 }
{ T } := { T } => { v o id  }
w r i t e  { T1 },{  T2 } ,{  T3 } ......................   => { v o id  }
[b .  ] o u tp u t  { f i l e  } ,{  T1 } ,{  T2 }   => { v o id  }
{ b o o l  } < 1 and > { boo l } => { boo l  }
~ { bo o l  } => { boo l }
{ i n t  }< <1>!<=!>= >{ i n t  } => { boo l }
{ r e a l  }< < |> |< - |> =  >{ r e a l  } => { bo o l  }
{ s t r i n g  }< <|>i<=|>= >{ s t r i n g  } => { boo l }
{ T } < = r =  > { T } => { boo l  }
{ i n t  } < +1“ > { i n t  } => { i n t  }
{ r e a l  } < + 1-  > { r e a l  } => { r e a l  }
< +i~ > { i n t  } => { i n t  }
< + ! - > {  r e a l  } => { r e a l  }
{ i n t  } < * Id i v i rem > { i n t  } ->  { i n t  }
{ r e a l  } < * ! / > {  r e a l  } => { r e a l  }
{ p n t r  } < i s | i s n t  > ( . . . . . . .  ) - s  t r u e t u r e  => { boo l  }
{ s t r i n g  } ++ { s t r i n g  } => { s t r i n g  }
{ s t r i n g  }( { i n t  } | { i n t  } ) => { s t r i n g  }
( { T } ) => { T }
b e g in  { T } end => { T }
< T - l i t e r a l  > ==> { T }
< T p ro c  > [({  T1 },{  Ï 2  } ,  Tn } ) ]  => { T }
v e c t o r  { i n t  } : : { i n t  } , ............
{ i n t  } : :  { i n t  } £f^ { T } => { * . , . . . . *T }
@{ i n t  } o f [c ]<  ty p e  >< b ra  >{ T } ,{  T } , . . . . {  T }< k e t  > => { *T }
< s t r u c t u r e  c l a s s  > [({  T1 }, Tn } )]  => { p n t r  }
{ *T }( { i n t  } ) => { T }
{ p n t r  }( { T - f i e l d  } ) => { T }
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Unix F i l e s
The f o l lo w in g  f u n c t i o n s  a r e  a v a i l a b l e  f o r  u se  i n  t h e  UNIX 
o p e r a t i n g  sy s te m . They a re  u sed  to  m a n ip u la te  f i l e s  and c o r re s p o n d  to  
S e c t i o n  I I  of t h e  Unix P rogram m er 's  Manual w hich  sh o u ld  be  c o n s u l t e d  b e f o r e  
u s e .
p ro c e d u re  open( s t r i n g  name ; i n t  mode ->  f i l e  )
! open th e  f i l e  named and r e t u r n  t h e  f i l e  d e s c r i p t o r .
p ro c e d u re  c l o s e (  f i l e  f  )
! c l o s e  th e  f i l e  f .
p ro c e d u re  f l u s h ( f i l e  f  )
! c l e a r  o u t  t h e  i n t e r n a l  b u f f e r  f o r  f i l e  f .  This s h o u ld  be done 
b e f o r e  c lo s i n g  th e  f i l e  a f t e r  w r i t i n g .
p ro c e d u re  c r e a t e ( s t r i n g  name ; i n t  mode -> f i l e  )
! c r e a t e  t h e  named f i l e  and r e t u r n  t h e  f i l e  d e s c r i p t o r .
p ro c e d u re  se ek (  f i l e  f  ; i n t  o f f s e t , p t r n a m e  ) 
! se e  SEEK(II)
I f  t h e  p ro c e d u re s  c r e a t e  and  open a r e  u n s u c c e s s f u l ,  t h e  v a lu e  
n u l l f i l e  i s  r e t u r n e d .  The r e s e r v e d  word n u l l f i l e  i s  a  f i l e  l i t e r a l  in  Unix 
S - a l g o l .
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Program L ayout 
Sem i-Colons
As a l e x i c a l  r u l e  i n  S - a l g o l ,  a s e m i-c o lo n  may be o m i t te d  
whenever i t  i s  u s e d  as  a s e p a r a t o r  and i t  c o in c id e s  w i th  a n e w l in e .  T h i s ,  
o f  c o u r s e ,  a l lo w s  many o f  t h e  an n o y in g  se m i-c o lo n s  i n  a  program  to  be l e f t  
o u t .
However, t o  h e lp  t h e  c o m p i le r  deduce where t h e  se m i-c o lo n s  sh o u ld  
b e ,  i t  i s  a r u l e  t h a t  a l i n e  may n o t  b e g in  w i th  an i n f i x  o p e r a t o r  w hich i s  
u se d  a s  an i n f i x  o p e r a t o r .
e . g .
a  *
b i s  v a l i d
b u t
a
* b i s  n o t
T h is  r u l e  a l s o  a p p l i e s  t o  th e  i n v i s i b l e  o p e r a t o r  betw een a v e c to r  
o r  p n t r  and i t s  in d e x  l i s t .
e . g .
l e t  b = a (  1 ,2  ) i s  v a l i d
b u t
l e t  b = a
( 1 , 2  )
w i l l  be  m i s i n t e r p r e t e d  s i n c e  v e c to r s  can be a s s i g n e d
1.49
Comments
Comments may be p la c e d  in  a  program  by u s in g  th e  symbol " t " .  
A ny th ing  between th e  ! and th e  end  o f  th e  l i n e  i s  r e g a rd e d  by th e  co m p ile r  
a s  a  comment.
e . g .  a  + b ! add a and b
D i r e c t i v e s
There  a r e  c e r t a i n  c o m p ile r  d i r e c t i v e s  t h a t  t h e  u s e r  may w ish t o  
in v o k e .  The symbol "%” i s  u s e d  t o  d eno te  a d i r e c t i v e .  They a re
% l i s t  p r i n t  t h e  program  l i s t i n g .
% n o lis t  do n o t  p r i n t  t h e  program  l i s t i n g .
% t i t l e , <  s t r i n g  l i t e r a l  > t a k e  a new page and u se  t h e  s t r i n g  as  a h e a d in g
f o r  t h i s  and s u b seq u e n t  p a g e s .
% l in e s ,<  i n t e g e r  l i t e r a l  > In fo rm  th e  c o m p ile r  o f  t h e  number o f  l i n e s
on e a c h  page  o f  o u tp u t  p a p e r .
%ul u n d e r l i n e  th e  r e s e r v e d  words i n  t h e  l i s t i n g .
%noul t u r n  o f f  t h e  r e s e r v e d  word u n d e r l i n i n g .
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Unix System
A number o f  commands a r e  a v a i l a b l e  i n  th e  Unix sy s tem  to  ru n  
S - a l g o l .  S - a lg o l  ru n s  i n  two p a r t s ,  a  c o m p i la t io n  fo l lo w e d  by an e x e c u t io n .  
The co m p ile r  t a k e s  a  s o u rc e  f i l e ,  t h e  name o f  which must end in  .S ,  and 
p ro d u c e s  th e  code i n  t h e  f i l e  s . o u t .  A l i s t i n g  o f  th e  program  and e r r o r  
m essages  a r e  g iv en  on th e  s t a n d a r d  o u t p u t .  The c o m p ile r  i s  in voked  by th e  
command Scorn and i t  may have two o p t i o n s .  The f i r s t  o p t io n  a l lo w s  th e  u s e r  
to  s p e c i f y  t h a t  a c ro s s  r e f e r e n c e  l i s t i n g  i s  r e q u i r e d .  T his  w i l l  c r e a t e  t h e  
f i l e s  X. DATA and X.DECL w hich  a r e  used  l a t e r  t o  p roduce  t h e  c ro s s  
r e f e r e n c e .  The second  o p t io n s  a l lo w s  t h e  u s e r  to  p roduce  a f lo w  summary, 
i . e .  a  co u n t  o f  how many t im es  each  l i n e  o f  code i s  e x e c u te d .  This  o p t io n  
p ro d u c e s  th e  f i l e  l i s t i n g . S S  w hich  i s  u s e d  l a t e r .  T h e re fo re  t o  com p ile  th e  
s o u r c e  f i l e  Ron.S w i th  th e  two o p t i o n s ,  t h e  fo l lo w in g  command l i n e  i s  u se d
Scorn Ron.S f lsu m  x r e f
A f t e r  th e  c o m p i la t io n  th e  c ro s s  r e f e r e n c e  l i s t i n g  may be p roduced  
on t h e  s t a n d a r d  o u tp u t  by th e  command
Sx r e f
The program  may be e x e c u te d  by th e  command
S in t
I f  a f i l e  o t h e r  th an  s . o u t  i s  t o  be e x e c u te d ,  t h e  S i n t  command 
w i l l  t a k e  t h e  f i l e  name p repended  by a  minus s i g n  a s  a  p a ra m e te r .
Thus
S i n t  - r o n
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w i l l  e x e c u te  th e  S - a lg o l  code  i n  f i l e  r o n .
I f  t h e  program  was com piled  w i th  t h e  f lo w  summary o p t io n ,  t h e
f i l e  coun t.S S  w i l l  be  c r e a t e d  on e x e c u t io n  and may be u sed  in  c o n ju n c t io n
w i t h  t h e  f i l e  l i s t i n g . S S  by th e  command
SfIsum
to  p roduce  th e  f low  summary on th e  s t a n d a r d  o u t p u t .
F i n a l l y ,  t h e  Unix v e r s i o n  o f  S - a lg o l  i s  e x te n d e d  to  a l lo w  a c c e s s
to  t h e  Unix command o p t io n s  by p r o v id in g  a f u n c t i o n  w hich  w i l l  r e t u r n  them
a s  a v e c to r  o f  c o n s t a n t  s t r i n g s .  I t  i s  d e f i n e d  by
p ro c e d u re  o p t i o n s ( ->  * c s t r i n g  )
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Sample Programs
S -a lg o l  System page 1
3 — ! Towers o f  Hanoi
4 —  p ro c e d u re  move( c s t r i n g  a ,b  )
5 — w r i t e  " " , a , " - > " , b , " ' n "
6 —
7 — p ro c e d u re  h a n o i (  c i n t  n ; c s t r i n g  a , b , c  )
8 — n > 0 d£
9 1- b e g in
10 — h a n o i (  n - l , a , c , b  )
11 — move( a , b  )
12 — h a n o i (  n - l , c , b , a  )
13 -1  end
14  —
15 — h a n o i (  9 , " a ' ’ , " b ” , " c "  )
16 —  ?
**** Program  Compiles ****
S - a lg o l  System page  1
3 — I S iev e  o f  E r a to s t h e n e s
4 —  w r i t e  " I n p u t  h i g h e s t  number ; -  "
5 — l e t  n = r e a d i
7 -
l e t P
f o r i
9 — p (  i  )
10 — f o r  j  = 2 * i  n i  dn
11 — p( j  ) : = f a l s e
12  —
13 — s .w  ;= 2
14 — w r i t e  "The p r im es  l e s s  th a n  " , n  : 4 , "  a r e  : - ' n "
15 — l e t  f c  0
16 — f o r  i  = 2 t_o n d[£
17 — p (  i  )
18 1-  b e g in
19 — w r i t e  i  : 5
20 — f c  := fc  + 1
21 — f c  = 8 { w r i t e  " 'n "  ; f c  := 0 }
22 -1  end
23 — ? 1**** Program  Com piles **** j
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S -a lg o l  System page 1
3 — l e t  domino = v e c to r  1 : :7 ,1  ; : 2 0
4 —
5 — p ro c e d u re  swap( c i n t  i , j  )
6 1 -  b e g in
7 — l e t  h o ld  := domino( i , l  )
8 — domino( i , l  ) ;= domino( j , l  ) ; domino( j , l  ) := ho ld
9 — h o ld  := domino( i , 2  )
10 — domino( i , 2  ) := domino( j , 2  ) ; domino( j , 2  ) := ho ld
1 1 - 1  end 
12 —
13 — p ro c e d u re  g r e a t e r ( c i n t  i , j  ->  boo l )
14 1 -  b e g in
15 — l e t  sumi = domino( i , l  ) +  domino( i , 2  )
16 — l e t  sumj = domino( j , l  ) +  domino( j , 2  )
17 — sumi > sumj
18 — sumi = sumj and ( domino( i , l  ) = domino( i , 2  ) or^
19 — domino( j , l  ) ~= domino( j , 2  ) and
20 — domino( i , l  ) > domino( j , l  ) )
21 -1  end
22  —
23 — ! Main Program
24  —
25 — w r i t e  " I n p u t  t h e  dominos 'n "
26 — f o r  i  = 1 t_o 7 d ^
27 1-  b e g in
28 — l e t  X := r e a d i  ; l e t  y := r e a d i
29 — X  < y ^  { l e t  h o ld  = x ; x : = y ; y : = h o ld  }
30 —  domino( i , l  ) := x ; domino( i , 2  ) ;= y
3 1 - 1  end
32 —
33 — f o r  i  = 1 6 d ^
34 — f o r  j  = i  + 1 ^  7 ^  " " g re a te r ( i , j  ) ^  swap( i , j  )
35 —
36 — w r i t e  "Hand i n  p r e f e r r e d  o r d e r  i s ' n "
37 — s .w  := 0
38 — f o r  i  = 1 ^  7 do w r i t e  domino ( i , l  ) : 1, " |  " ,  domino ( i  ,2 ) ; 1,
39 — ?
Program  Com piles ****
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S -a lg o l  System page 1
3 — l e t  s := " "  ; l e t  n := 0 ; l e t  n o t .d o n e  := t r u e
5 — p ro c e d u re  a d d . a . l e t t e r  ; { s := s ++ ”a"  ; n := n + 1 }
6 —
7 — p ro c e d u re  a l t e r
8 —  c a s e  s (  n | l  ) of_
9 — " a "  : s := s (  l | n - l  ) -H- "b"
10 — "b"  ; s := s (  1 1n-1 ) HH- " c "
11 1 -  d e f a u l t  : { n := n -  1 ; n = 0 th e n  n o t .d o n e  : = f a l s e
1 2 - 1  e l s e  a l t e r  }
13 —
14 — p ro c e d u re  a c c e p t a b l e (  ->  boo l  )
15 1- b e g in
1 6 “  l e t  ok : = t r u e  ; l e t  p ; = 1
17 — w h i le  ok and p <= n d i v  2 ^
18 2 -  b e g in
19 —- o k : = s ( n - p + l i p ) ~ = s ( n - 2 * p  + l l p )
20 — p := p + 1
21 -2  end
22 — ok
23 -1  end
24 —
25 — I Main Program
2 6 —
27 — w r i t e  " In p u t  s t r i n g  l e n g t h  "
28 — l e t  I n th  = r e a d i  ; l e t  co u n t  ;= 0
29 — w h i le  n o t .d o n e  and n <= I n t h  ^
30 1 -  b e g in
31 — n = I n th  th e n  a l t e r  e l s e  a d d . a . l e t t e r
3 2 — w h i le  n o t .d o n e  and " "accep tab le  ^  a l t e r
33 2 -  n = I n th  ^  { w r i t e  "An a c c e p t a b l e  s t r i n g  i s  " , s , " ' n "
3 4 - 2  co u n t  := coun t  + 1 }
35 -1 end
36 — w r i t e  " T o ta l  number o f  s t r i n g s  o f  l e n g t h  " , I n t h  : 3 , " i s  " ,
37 — c o u n t  : 4 , " ' n "
38 — ?**** Program  Compiles ****
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S -a lg o l  System page 1
3 - -  w r i t e  " I n p u t  t h r e e  r e a l  c o e f f i c i e n t s  "
4 — l e t  a = r e a d r  ; l e t  b = r e a d r  ; l e t  c = r e a d r
5 — l e t  d i s c r im  = b * b -  4 .0  * a  * c ; l e t  dem = 2 .0  * a
6 —
7 — c a se  t r u e  o f
8 — d i s c r im  < - e p s i l o n  ; w r i t e  " Im a g in a ry  Roots a r e  " , - b  /  dem,
9 — " + o r  -  i  * " , s q r t ( - d i s c r i m  ) /d e m ," 'n "
10 1 -  d i s c r im  > e p s i l o n  : b e g in
11 — l e t  r l  = ( - b  + s q r t ( d i s c r im  ) )/dem
12 — w r i t e  "R ea l  Roots a r e  " , r l ,
13 — " and " , c / (  a * r l  ) , " ' n "
1 4 - 1  end
15 — d e f a u l t  : w r i t e  " S in g le  Roots a r e  " , - b / d e m , " 'n "
16  —  ?
**** Program  Compiles ****
S - a lg o l  System page  1
3 — p ro c e d u re  i n t e g r a l (  ( r e a l  ->  r e a l  ) F ; c r é a i  a , b  ->  r e a l  )
4 — ( b - a ) * F (  ( a + b )  /  2 .0  )
5 - -
6 — p ro c e d u re  G( c r e a l  z -> r e a l  )
7 1 -  b e g in
8 —  p ro c e d u re  e p (  c r e a l  y ->  r e a l  ) ; e x p ( z * y )
10 — i n t e g r a l (  e p , 3 . 0 , 4 . 0  )
11 -1  end
12  - -
13 — w r i t e  f f o r m a t ( i n t e g r a l (  G ,1 . 0 , 2 . 0  ) , 4 , 2  ) , " ' n "
14  —  ?
**** Program Compiles ****
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Appendix I I
M easurement Tools
********** E x e c u t io n  Flow Summary **********
1 — 0 %
2 - - 0 %
3 — 1 l e t  s ;= ; l e t  n := 0 ; l e t  n o t .d o n e  ;= t r u e
4 —— 0
5 — 706 p ro c e d u re  a d d . a . l e t t e r  ; < s := s 44 - " a "  ; n ;= n 4- 1 }
6  — 0
7 — 0 p ro c e d u re  a l t e r
8 — 2118 c a s e  s (  n | 1 ) o f
9 - - 2118 "a"  : s  := s (  1 1n-1 ) -H- "b"
10 — 1412 *'b" ; s  := s (  1 1n-1 ) 44-  "c "
11 1 - 706 d e f a u l t  ; { n : = n - l ; i f n = 0  th e n  n o t .d o n e  :== f a l s e
12 -1 705 e l s e  a l t e r  }
13 — 0
14 - - 0 p r o c e d u re  a c c e p t a b l e (  ->  b o o l  )
15 1- 2118 b e g in
16 —— 2118 l e t  ok : = t r u e  ; l e t  p := 1
17 — 8487 w h i l e  ok and p <= n d iv  2 do
18 2 - 6369 b e g in
19 —— 6369 ok : = s ( n - p 4 - l | p  ) ~ = s ( n - 2 * p - l l | p  )
20 — 6369 p := p 4- 1
21 -2 0 end
22 —— 2118 ok
23 -1 0 end
24 - - 0
25 - - 0 1 Main Program
26 — 0
27 - - 1 l e t  I n th  = 12 ; l e t  coun t ;= 0
28 — 971 w h i le  n o t .d o n e  and n <= I n th  do
29 1- 970 b e g in
30 — 970 i f  n = I n t h  th e n  a l t e r  e l s e  a d d . a . l e t t e r
31 — 2119 w h i l e  n o t .d o n e  and ""accep tab le  do a l t e r
32 2 - 970 i f  n = I n th  do { w r i t e  "An a c c e p t a b l e  s t r i n g  i s  " , s , " ' n "
33 -2 264 co u n t  := coun t 4-  1 )
34 -1 0 end
35 — 1 w r i t e  " t o t a l  number o f  s t r i n g s  o f  l e n g t h  " , I n th  : 3 , " i s  " ,
36 — 1 c o u n t  ; 4 , " ' n "
37 — 0 ?
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Dynamic f low  a n a l y s i s  of  S- c o d e  i n s t r u c t i o n s
Nine b i t  o p e r a t i o n s  S ix  b i t  o p e r a t i o n s Four b i t  operations
g e .o p 0 l o c a l 58964
g t  .op 0 l o c a l a d d r 13002
l e .  op 8308 p l o c a l 529
I t  .op 0 p lo c a l a d d r 0
e q .o p 2646 d l o c a l 0
n e q .o p 6369 mst . l o c a l 4237
n o t .o p 2118 g l o b a l 25724
no .op 0 g lo b a l a d d r 1413
p l u s .o p 20077 p g l o b a l 16974
t im e s .o p 6369 p g lo b a la d d r 2118
m inus .op 14856 d g lo b a l 0
d i v i d e .o p 0 m s t . g l o b a l 705
d i v . op 7338 m a k e .v e c to r 0
rem .op 0 r e t r a c t 2119
n e g .o p 0 fo rm , s t r u c t u r e 0
no .o p 0 s t o r e . s f 3
s u b s .o p 0
su b s a d d r 0
cjump 3530
a s s .o p 16533
r e t u r n 4942
fo rw a rd .o p 0
su b a .o p 0
su b a ad d r 0
I d c . p n t r 1
Idc  .b o o l 2120
I d c . s i 430 5 6
I d c . r e a l 0
Idc  . s t r i n g 6179
I d c . l i 0
no .  op 0
no .  op 0
lo a d 0
lo a d a d d r 0
p lo a d 0
p lo a d a d d r 0
d lo ad 0
m s t . l o a d 0
n o .o p 0
e n t e r 4943
f l o a t . o p 0
i s . o p 0
i s n t . o p 0
u p b . op 0
Iwb.op 0
f i n i s h . o p 1
r e v e r s e . r e a l 0
e r a s e .o p 971
r e a d .o p 0
w r i t e . o p 797
i l i f f  e .o p 0
no .o p 0
jump 
a p p ly .o p  
jumpf 
f o r . t e s t  
jum pff 
n ew lin e  
ju m p t t  
f o r . s t e p
12283
4942
14223
0
11577
47981
0
0
I I . 3
a r i t h . o p  
io .o p  
b . r e a d . op 
b . w r i t e . o p  
c o de .op  
d e c o d e .o p  
s u b s t r . o p  
c o n c a t .o p  
l e n g t h .o p  
o p t io n s .o p
0
0
0
0
0
0
16268
2118
0
0
The o p e r a t i o n s  i n  o r d e r  a r e
l o c a l 58964
new line 47981
I d c . s i 43056
g l o b a l 25724p l u s .o p 20077
p g lo b a l 16974
a s s .o p 16533
s u b s t r . o p 16268
m inus .op 14856
jumpf 14223
l o c a l a d d r 13002
jump 12283
jum pff 11577
l e . op 8308
d i v .o p 7338
t im e s .o p 6369
n e q .o p 6369
I d c . s t r i n g 6179
e n t e r 4943
r e t u r n 4942
a p p ly .o p 4942
m s t . l o c a l 4237
cjump 3530
eq .op 2646
I d c .b o o l 2120
r e t r a c t 2119c o n c a t .o p 2118
n o t .o p 2118
p g lo b a la d d r 2118
g lo b a l a d d r 1413
e r a s e .o p 971
w r i t e . o p 797
m s t . g l o b a l 705
p l o c a l 529
s t o r e . s f 3
f i n i s h . o p 1
I d c . p n t r 1
t o t a l  number o f  o p e r a t i o n s = 386334
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a n a l y s i s  o f  S- code
lïine b i t  o p e r a t i o n s S ix  b i t  o p e r a t io n s
g e .o p 0 l o c a l 19
g t  .op 0 lo c a l a d d r 3
l e . op 2 p l o c a l 3
I t  .op 0 p l o c a l a d d r 0
e q .o p 3 d l o c a l 0
n e q .o p 1 mst . l o c a l 4
n o t .o p 1 g l o b a l 9
no .o p 0 g lo b a l a d d r 3
p l u s .o p 5 p g l o b a l 6
t im e s .o p 1 p g lo b a la d d r 3
m inus .op 5 d g lo b a l 0
d i v id e .o p 0 mst . g l o b a l 1
d iv .o p 1 m a k e .v e c to r 0
r  em. op 0 r e t r a c t 2
n e g .o p 0 fo rm , s t r u c t u r e 0
no .o p 0 s t o r e . s f 3
s u b s .o p 0
s u b sa d d r 0
c j  ump 2
a s s .o p 9
r e t u r n 3
fo rw a rd .o p 0
su b a .o p 0
su b a ad d r 0
I d c . p n t r 1
I d c .b o o l 3
I d c . s i 26
I d c . r e a l 0
I d c . s t r i n g 10
I d c . l i 0
no .o p 0
no .o p 0
lo a d 0
lo a d a d d r 0
p lo a d 0
p lo a d a d d r 0
d lo a d 0
m s t . l o a d 0
no . op 0
e n t e r 4
f l o a t . o p 0
i s . o p 0
i s n t . o p 0
upb .op 0
Iwb. op 0
f i n i s h . o p 1
r e v e r s e . r e a l 0
e r a s e .o p 3
r e a d .o p 0
w r i t e . o p 8
i l i f f e . o p 0
no .op 0
Four b i t  operations
jump 
a p p ly .o p  
jumpf 
f o r . t e s t  
jum pff 
new line  
ju m p tt  
f o r . s t e p
9
5
6 
0 
3
23
0
0
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a r i t h . o p 0
i o .o p 0
b . r e a d .o p 0
b . w r i t e . o p 0
code .op 0
deco d e .o p 0
s u b s t r . o p 5
c o n c a t .o p 3
le n g t h .o p 0
o p t io n s 0
Number o f  s t r i n g  e le m en ts  -  70
Number o f  b i t s  u se d  f o r  o p e r a t i o n  codes  i s  = 1393
Huffman c od ing  t o t a l  b i t s  = 925
I n s t r u c t i o n  F requency  L e v e l  B in a ry  Coding
f i n i s h . o p  
I d c . p n t r  
d iv .o p  
t im e s .o p  
n o t .o p  
neq .o p  
m s t . g l o b a l  
cjump 
l e .  op 
r e t r a c t  
c o n c a t .o p  
e r a s e .o p  
I d c .b o o l  
r e t u r n  
e q .o p  
s t o r e . s f  
p g lo b a la d d r  
g l o b a l a d d r  
p l o c a l  
l o c a l a d d r  
j  umpf f  
e n t e r  
m s t . l o c a l  
s u b s t r . o p  
m inus .op  
p l u s .o p  
a p p ly .o p  
p g lo b a l  
jumpf 
w r i t e . o p  
a s s .o p  
g l o b a l  
jump 
I d c . s t r i n g  
l o c a l  
new line  
I d c . s i
2
2
2
3
3
3
3
3
3
3
3
3
3
3
4
4
5 
5 
5
5
6 
6 
8 
9 
9 
9
10
19
23
26
11010010
11010011
11010000
11010001
111101110
111101111
11110110
1100110
1100111
1111010
010100
010101
100010
100011
100000
100001
100110
100111
100100
100101
110010
110101
111100
00110
00111
00100
00101
01011
11000
11011
11111
11100
11101
0100
000oil
101
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The A b s t r a c t  Machine Code
The S - a lg o l  a b s t r a c t  m achine co d e ,  S -code , i s  d e s ig n e d  to  f i t  
e x a c t l y  t h e  needs  o f  t h e  S - a l g o l  l a n g u a g e .  Appendix IV d e s c r i b e s  t h e  code 
g e n e r a te d  f o r  e a c h  s y n t a c t i c  c o n s t r u c t  and Appendix V th e  fo rm a t  o f  each  
i n s t r u c t i o n  i n  t h e  PDF11 im p le m e n ta t io n .  Here t h e  i n d i v i d u a l  i n s t r u c t i o n s  
a r e  d e s c r i b e d .  They f a l l  n a t u r a l l y  i n t o  g ro u p s .
Jumps
ju m p ( l)  
ju m p f (1)
j u m p t t (1)
ju m p f f (1)
c ju m p ( t ,1 )
f o r t e s t . o p ( l )
f o r s t e p . o p ( l )
u n c o n d i t i o n a l  jump t o  a d d re s s  1
jump t o  1 i f  t h e  to p  s t a c k  e lem en t  i s  f a l s e . Remove th e  
to p  e lem en t  of  t h e  s t a c k
jump t o  1 i f  t h e  to p  e lem en t i s  t r u e . O th e rw ise  remove 
t h e  to p  s t a c k  e lem en t
jump t o  1 i f  t h e  to p  s t a c k  e lem en t  i s  f a l s e . O th e rw ise  
remove t h e  to p  s t a c k  e lem ent
t  i s  t h e  t y p e  and  d e te rm in e s  which s t a c k  to  u s e .  I f  t h e  
to p  two s t a c k  e le m en ts  a r e  e q u a l ,  remove bo th  and jump 
t o  1 .  O th e rw ise  remove o n ly  th e  to p  s t a c k  e le m e n t .  Be 
c a r e f u l  on e q u a l i t y  o f  s t r i n g s
The c o n t r o l  c o n s t a n t ,  in c re m e n t  and l i m i t  a r e  t h e  to p  
t h r e e  e le m e n ts  o f  t h e  s t a c k .  I f  t h e  in c re m e n t  i s  n e g a t i v e  
and th e  c o n t r o l  c o n s t a n t  i s  l e s s  th a n  th e  l i m i t  o r  t h e  
in c re m e n t  i s  p o s i t i v e  and th e  c o n t r o l  c o n s t a n t  i s  g r e a t e r  
th a n  th e  l i m i t  th e n  remove them from  th e  s t a c k  and jump 
to  1
Update  t h e  c o n t r o l  c o n s t a n t  by ad d in g  th e  i n c r e m e n t .
Then jump t o  1
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S ta ck  Load I n s t r u c t i o n s
T hese  i n s t r u c t i o n s  a r e  u sed  t o  lo a d  any d a t a  i t e m  t h a t  i s  in
s c o p e ,  on t o  th e  top  o f  t h e  s t a c k .  The d a ta  i te m s  may be  i n  t h e  l o c a l ,
g l o b a l  o r  i n t e r m e d ia t e  en v iro n m en ts  and a s e p a r a t e  i n s t r u c t i o n  e x i s t s  f o r  
each  form . D i f f e r e n t  i n s t r u c t i o n s  a r e  a l s o  used  f o r  t h e  s e p a r a t e  s t a c k s .
The l o c a l  and g l o b a l  forms o f  th e  i n s t r u c t i o n  have  a p a ra m e te r  which i s  t h e  
d i s p la c e m e n t  of t h e  i t e m  from  t h e  s t a c k  fram e b a s e .  The i n t e r m e d i a t e  form  
of t h e  i n s t r u c t i o n  r e q u i r e s  t h e  number o f  t im e s  t o  c h a in  down th e  s t a t i c
c h a in  as w e l l  as t h e  d i s p l a c e m e n t .  Only one form of  each  ty p e  i s  d e s c r i b e d .
l o c a l ( n ) j g l o b a l ( n ) , l o a d ( r , n )  lo a d  on th e  main s t a c k
p l o c a l ( n ) , p g l o b a l ( n ) , p l o a d ( r , n )  lo a d  on th e  p o i n t e r  s t a c k
l o c a l a d d r ( n ) , g l o b a l a d d r ( n ) , l o a d a d d r ( r , n )  lo a d  a d d re s s  on th e  main s t a c k
p l o c a l a d d r ( n ) , p g l o b a l a d d r ( n ) , p l o a d a d d r ( r , n )  l o a d  th e  a d d re s s  of t h e  p o i n t e r
s t a c k  i te m  on t h e  main s t a c k
d l o c a l ( n ) , d g l o b a l ( n ) , d l o a d ( r , n )  lo a d  d o u b le  l e n g t h  i te m  main s t a c k
R e l a t i o n a l  O p e ra t io n s
The r e l a t i o n a l  o p e r a t i o n s  a c t  on th e  d a ta  t y p e s  i n t ,  r e a l  and 
s t r i n g .  The to p  two e le m en ts  o f  t h e  s t a c k  a r e  compared and removed. The 
b o o le a n  r e s u l t  t r u e  o r  f a l s e  i s  l e f t  on t h e  main s t a c k .  The i n s t r u c t i o n s  
have a p a ra m e te r  t o  i n d i c a t e  t h e  t y p e .  Care shou ld  a g a in  be  ta k e n  i n  t h e  
e q u a l i t y  o f  s t r i n g s .  E q u a l i t y  i s  d e f in e d  on a l l  t h e  d a ta  o b j e c t s  i n  th e  
la n g u a g e .
g e . o p ( t ) g r e a t e r  th a n  o r  e q u a l  to
g t . o p ( t ) g r e a t e r  th a n
l e . o p ( t ) l e s s  th a n  o r  e q u a l
I t . o p ( t ) l e s s  th a n
e q . o p ( t ) e q u a l  to
n e q .o p ( t ) n o t  e q u a l  to
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A r i th m e t i c  O p e ra to r s
These i n s t r u c t i o n s  o p e r a t e  on th e  d a ta  ty p e s  r e a l  and i n t e g e r .  
The top two e lem en ts  o f  t h e  s t a c k  a r e  r e p l a c e d  by th e  r e s u l t  e x c e p t  f o r  
n e g a t e  and f l o a t  w hich u s e  o n ly  th e  to p  e le m e n t .
p l u s . o p ( t ) add
t i m e s . o p ( t ) m u l t i p l y
m in u s .o p ( t ) s u b t r a c t
d i v i d e .o p d i v i d e  r e a l
d iv .o p d i v i d e  i n t  l e a v i n g  q u o t i e n t
rem .op d i v i d e  i n t  l e a v i n g  rem ainder
n e g .o p n e g a te
f l o a t . o p c o e rc e  t h e  i n t  t o  a  r e a l
P ro c e d u re  E n t ry  and E x i t
The code t o  e x e c u te  a  p ro c e d u re  i s  su r ro u n d e d  by th e  two 
i n s t r u c t i o n s  e n t e r  and r e t u r n .
e n t e r ( p , q )  Check t h a t  t h e  main s t a c k  has p c e l l s  l e f t  and th e  p o i n t e r  s t a c k
has q c e l l s
r e t u r n ( t )  T h is  i s  e x e c u te d  on p ro c e d u re  e x i t .  The SF and PSF r e g i s t e r s  a re
u p d a te d .  The SF r e g i s t e r  i s  f i r s t  s e t  t o  th e  c u r r e n t  dynamic
l i n k  and th e n  PSF i s  s e t  t o  th e  p o i n t e r  s t a c k  l i n k  o f  t h e
uncove red  s t a c k  f ra m e .  The s t a c k  to p s  must be a l t e r e d  to  remove 
t h e  MSCW and any l o c a l  i t e m s .  The new s t a c k  to p s  a r e  t h e  c u r r e n t  
p o i n t e r  s t a c k  l i n k  f o r  t h e  p o i n t e r  s t a c k  and th e  p o s i t i o n  o f  t h e  
MSCW f o r  th e  main s t a c k .  I f  t h e  ty p e  o f  t h e  p ro c e d u re  i s  n o t  
v o i d ,  t h e  r e s u l t  must be co p ie d  t o  th e  new s t a c k  top
The code seq u en ce  t o  c a l l  a  p ro c e d u re  i s
m s t . l o a d  
e v a lu a t e  t h e  p a ra m e te rs  
a p p ly .o p
The code f o r  t h e  e v a l u a t i o n  o f  t h e  p a ra m e te r s  i s  t h e  same a s  f o r  
any e x p r e s s io n .  The mark s t a c k  and lo a d  i n s t r u c t i o n ,  l o a d s  t h e  p ro c e d u re  
c l o s u r e  and l e a v e s  s p a c e  on t h e  s t a c k  f o r  th e  r e s t  o f  t h e  MSCW. The a p p ly
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i n s t r u c t i o n  f i l l s  i n  th e  MSCW w i th  t h e  dynamic l i n k  and th e  p o i n t e r  s t a c k  
l i n k .  These a r e  c a l c u l a t e d  from  t h e  new s t a c k  to p  minus t h e  sp a c e  a l r e a d y  
a l l o c a t e d  i n  t h e s e  f r a m e s .  S ince  p ro c e d u re  names f o l lo w  th e  same scope  
r u l e s  a s  any  o t h e r  name, t h e r e  a r e  t h r e e  forms o f  t h e  i n s t r u c t i o n .
m s t . l o c a l ( n ) , m s t . g l o b a l ( n ) , m s t . l o a d ( r , n )  lo a d  th e  p ro c e d u re  c lo s u r e  from  th e
s t a c k  and l e a v e  sp a ce  f o r  t h e  r e s t  o f  t h e  MSCW
a p p ly .o p  (m,n) f i l l  i n  t h e  dynamic l i n k  ( SP -  m ) ,  t h e  p o i n t e r  
s t a c k  l i n k  ( psp -  n ) and t h e  r e t u r n  a d d r e s s . 
Update  SF and PSF and jump to  th e  a d d re s s  p o i n t e d  
a t  by SF
T h e re  a r e  two f u r t h e r  i n s t r u c t i o n s  in v o lv e d  w i th  p r o c e d u r e s .
fo rw a rd .o p  
s t o r e . s f ( n )
l e a v e  s p a c e  f o r  th e  p ro c e d u re  c l o s u r e  on th e  s t a c k
p l a c e  t h e  p ro c e d u re  c lo s u r e  on t h e  s t a c k .  I f  t h e  
a d d re s s  n i s  n o t  t h e  to p  o f  t h e  s t a c k ,  i t  i s  a 
fo rw ard  d e c l a r e d  p ro c e d u re  and n i s  i t s  s t a c k  a d d re s s
V e c to r  and S t r u c t u r e  C r e a t io n  I n s t r u c t i o n s
These i n s t r u c t i o n s  t a k e  in f o r m a t io n  o f f  t h e  s t a c k  and c r e a t e  heap 
o b j e c t s .  These  o b j e c t s  a r e  th e n  i n i t i a l i s e d  and th e  p o i n t e r  to  them l e f t  on 
t h e  top  o f  t h e  p o i n t e r  s t a c k .
m a k e .v e c to r ( t ,m ,n )
i l i f f e . o p ( t , n )
t  i n d i c a t e s  t h e  t y p e  o f  t h e  o b j e c t s  i n  t h e  v e c to r  and 
t h e r e f o r e  on w hich  s t a c k  th e y  r e s i d e ,  m p o i n t s  t o  th e  
p o s i t i o n  o f  t h e  low er bound on th e  main s t a c k .  The 
d i f f e r e n c e  betw een  PSP and n o r  SP and m depend ing  on 
w h ich  s t a c k  i s  i n  u s e ,  g iv e s  t h e  number o f  v e c t o r  
e l e m e n t s . The i n s t r u c t i o n  c r e a t e s  a  v e c t o r  and f i l l s  
i n  t h e  e l e m e n t s . The s t a c k  p o i n t e r s  a r e  th e n  r e d u c e d  
t o  m and n w i th  t h e  p o i n t e r  t o  th e  v e c t o r  b e in g  
p l a c e d  on t h e  p o i n t e r  s t a c k
t  i n d i c a t e s  t h e  b a s e  t y p e ,  n p a i r s  o f  bounds a r e  on th e  
main s t a c k .  However, t h e  to p  o f  one o f  t h e  s t a c k s  w i l l  
c o n ta i n  t h e  i n i t i a l  v a lu e .  The i n s t r u c t i o n  c r e a t e s  an 
i l i f f e  v e c t o r  o f  t h e  shape  i n d i c a t e d  by  th e  bound p a i r s  
and t h e  v a lu e  o f  t h e  i n i t i a l  e x p r e s s io n  i s  c o p ie d  i n t o  
t h e  e le m en ts  of t h e  l a s t  d im e n s io n .  The e x p r e s s io n  v a lu e  
and th e  bound p a i r s  a r e  removed from  th e  s t a c k  and th e  
p o i n t e r  t o  th e  v e c t o r  i s  p l a c e d  on th e  p o i n t e r  s t a c k
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f  o rm. s t  r uc t  ur e ( n ) The e x p r e s s io n s  which i n i t i a l i s e  t h e  s t r u c t u r e  f i e l d s  
h a v e  been e v a lu a t e d  on th e  a p p r o p r i a t e s  s t a c k s ,  
n  p o i n t s  t o  t h e  t r a d e m a rk  on th e  main s t a c k .  A s t r u c t u r e  
o f  t h e  c o r r e c t  s i z e  i s  made up and th e  f i e l d s  f i l l e d  i n .  
To do t h i s  t h e  s t r u c t u r e  t a b l e  i s  r e f e r r e d  t o ,  t o  g iv e  
t h e  number o f  p o i n t e r  f i e l d s .  A f te r  rem oving  th e  f i e l d s  
from  th e  s t a c k s  t h e  p o i n t e r  to  th e  s t r u c t u r e  i s  p l a c e d  
on t h e  p o i n t e r  s t a c k
V e c to r  and S t r u c t u r e  A c c e s s in g  I n s t r u c t i o n s
These i n s t r u c t i o n s  a r e  g e n e r a te d  by th e  c o m p ile r  t o  in d e x  a 
v e c t o r  or a  s t r u c t u r e .  The in d e x  o f  t h e  v e c to r  must be  checked  a g a i n s t  t h e  
bounds b e fo r e  t h e  in d e x in g  i s  done . S i m i l a r ly  th e  s t r u c t u r e  c l a s s  ( 
t ra d e m a rk  ) o f  a  s t r u c t u r e  must be checked .
s u b a .o p  ( t )
s u b s . op ( t  )
s u b a a d d r  ( t )
s u b s a d d r
Iwb
upb
I S .  o p
i s n t . o p
The v e c t o r  in d e x  i s  on t h e  to p  o f  t h e  main s t a c k  and th e  
v e c t o r  p o i n t e r  on t h e  p o i n t e r  s t a c k .  These a r e  used  to  ch eck  
t h a t  t h e  in d e x  i s  l e g a l  and th e n  t o  f i n d  th e  r e q u i r e d  v a l u e .  
They a r e  removed from  th e  s t a c k  and r e p l a c e d  by th e  v a l u e ,  
on th e  s t a c k  i n d i c a t e d  by  th e  r e s u l t  t y p e  t
The s t r u c t u r e  p o i n t e r  i s  on th e  to p  o f  t h e  p o i n t e r  s t a c k .  The 
main s t a c k  c o n ta i n s  t h e  t ra d e m a rk  and th e  f i e l d  a d d r e s s . The 
t ra d e m a rk  i s  checked  a g a i n s t  t h e  s t r u c t u r e  t ra d e m a rk  and i f  
i t  i s  t h e  same t h e  f i e l d  a d d re s s  i s  added t o  t h e  p o i n t e r  to  
y i e l d  t h e  a b s o l u t e  f i e l d  a d d r e s s . The t ra d e m a rk ,  f i e l d  a d d re s s  
and th e  s t r u c t u r e  p o i n t e r  a r e  r e p l a c e d  on th e  s t a c k  by  th e  
r e s u l t  whose ty p e  i s  t
This  i s  t h e  same a s  s u b a .o p  e x c e p t  t h a t  t h e  a d d re s s  o f  t h e  
i te m  i s  c a l c u l a t e d  and p la c e d  on th e  main s t a c k
This  i s  t h e  same a s  s u b s .o p  e x c e p t  t h a t  t h e  a d d re s s  o f  t h e  
i te m  i s  c a l c u l a t e d  and p la c e d  on th e  main s t a c k
remove th e  p o i n t e r  to  t h e  v e c to r  from t h e  p o i n t e r  s t a c k  
and p l a c e  i t s  low er bound on th e  main s t a c k
remove t h e  p o i n t e r  t o  t h e  v e c to r  from  th e  p o i n t e r  s t a c k  
and p l a c e  i t s  u p p e r  bound on th e  main s t a c k
The t ra d e m a rk  i s  on t h e  main s t a c k  and i s  compared w i th  
t h e  t r a d e m a rk  o f  t h e  s t r u c t u r e  p o in te d  a t  by th e  to p  
e lem en t  o f  t h e  p o i n t e r  s t a c k .  Remove b o th  and p l a c e  
t h e  b o o lea n  r e s u l t  o f  t h e  com parison  on th e  main s t a c k
T his  i s  t h e  same a s  i s . o p  e x c e p t  i t  h a s  t h e  o p p o s i t e  t e s t
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Load L i t e r a l  I n s t r u c t i o n s
These a r e  u se d  t o  l o a d  th e  v a lu e  o f  a  l i t e r a l  on t o  t h e  s t a c k .  
The l i t e r a l  u s u a l l y  f o l lo w s  t h e  i n s t r u c t i o n  i n  t h e  code s t r e a m  and so  th e  
CP r e g i s t e r  has  t o  be u p d a te d  a c c o r d in g l y .
1 1 .p n t r  
l l . b o o l ( n )
l l . s i n t ( n )
l l . r e a l ( n )  
l l . s t r i n g ( s )  
1 1 . l i n t
lo a d  th e  n i l  p o i n t e r  on to  th e  p o i n t e r  s t a c k
lo a d  th e  b o o lea n  v a lu e  n ( t r u e  o r  f a l s e  ) on t o  th e  main
s t a c k
lo a d  th e  v a lu e  o f  a  s h o r t  i n t e g e r  ( -64  t o  63 ) on t o  th e  
main s t a c k
lo a d  th e  r e a l  on to  th e  main s t a c k
lo a d  th e  s t r i n g  a d d re s s  on to  th e  p o i n t e r  s t a c k
lo a d  a long  i n t e g e r ,  16 b i t s ,  on t o  th e  main s t a c k
S t r i n g  O p e ra t io n s
These a r e  used  t o  p e rfo rm  th e  s t r i n g  o p e r a t i o n s  i n  S - a l g o l .
code .op  The i n t e g e r  n a t  t h e  to p  o f  t h e  s t a c k  i s  removed and a s t r i n g  of
l e n g t h  1 w i th  c h a r a c t e r  | n |  rem 128 p l a c e d  on th e  to p  o f  t h e  
p o i n t e r  s t a c k .
d e c o d e .o p  The s t r i n g  a t  t h e  to p  o f  t h e  p o i n t e r  s t a c k  i s  removed and th e
v a lu e  o f  i t s  f i r s t  c h a r a c t e r  p la c e d  on t h e  main s t a c k  as  an 
i n t e g e r
l e n g t h .o p  The s t r i n g  a t  t h e  to p  o f  t h e  p o i n t e r  s t a c k  i s  removed and i t s
l e n g t h  p l a c e d  on th e  main s t a c k
c o n c a t .o p  remove t h e  two s t r i n g s  from  th e  to p  o f  t h e  p o i n t e r  s t a c k  and
r e p l a c e  them w i th  a new s t r i n g  w hich i s  t h e  c o n c a t e n a t i o n  o f  
them
s u b s t r . o p  A new s t r i n g  i s  c r e a t e d  from  th e  one a t  t h e  to p  of  t h e  p o i n t e r
s t a c k  and r e p l a c e s  i t .  I t  i s  form ed by  u s in g  th e  l e n g th  a t  t h e  
to p  o f  t h e  main s t a c k  and th e  s t a r t i n g  p o s i t i o n  a t  t h e  second  
t o p .  A f t e r  c h e c k in g  t h a t  t h e s e  a r e  l e g a l  th e y  a r e  removed
A r i th m e t i c  F u n c t io n s
There  a r e  a number o f  a r i t h m e t i c  f u n c t i o n s  s u p p o r te d  by  th e  
lan g u a g e  which t a k e  a r e a l  v a lu e  o f f  t h e  main s t a c k  and r e p l a c e  i t  by the  
r e s u l t .  They a re
s i n ,  c o s ,  ex p .  I n ,  a t a n ,  t r u n c a t e ,  abs
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T ru n c a te  t a k e s  a  r e a l  and l e a v e s  an i n t e g e r ,  and abs  may map from  i n t  t o  
i n t  o r  r e a l  to  r e a l .  These f u n c t i o n s  a r e  d e f in e d  in  t h e  lan g u a g e  r e f e r e n c e  
m an u a l .
I n p u t  and O u tpu t
The s -c o d e  m achine s u p p o r t s  bo th  b i n a r y  and c h a r a c t e r  I/O  
s t r e a m s .  For e v e ry  c h a r a c t e r  s t r e a m  i n s t r u c t i o n  t h e r e  i s  an  e q u i v a l e n t  
b in a r y  s t r e a m  one . Only t h e  c h a r a c t e r  ones  a re  g iv en  h e r e .
r e a d .o p ( n )  t h e  s t r e a m  d e s c r i p t o r  i s  on th e  to p  o f  t h e  p o i n t e r  s t a c k .  This  i s
removed and th e  v a lu e  r e a d  i s  p l a c e d  on th e  a p p r o p r i a t e  s t a c k ,  n
i n d i c a t e s  w hich r e a d  f u n c t i o n  t o  u s e .  They a r e
re a d re a d
re a d s re a d
r e a d i r e a d
r e a d r r e a d
readb re a d
read .nam e re a d
peek same
w r i t e . o p ( t )  The f i e l d  w id th  i s  on t h e  to p  o f  t h e  main s t a c k  and th e  i t e m  to
be  w r i t t e n  o u t  e i t h e r  under  i t  or on t h e  p o i n t e r  s t a c k .  The
s tr e a m  d e s c r i p t o r  i s  u n d e r  a l l  t h i s  on t h e  p o i n t e r  s t a c k .  The 
f i e l d  w id th  and th e  i te m  a re  removed from  t h e  s t a c k .  The ty p e  t  
o f  t h e  w r i t e  may be
w r i t e . i n t  w r i t e  an  i n t e g e r
w r i t e . r e a l  w r i t e  a  r e a l
w r i t e . b o o l  w r i t e  a  b o o lea n
w r i t e . s t r i n g  w r i t e  a  s t r i n g
I f  t h e  f i e l d  w id th  i s  n o t  s p e c i f i e d  th en  i .w  and r .w  come i n t o
u s e  f o r  i n t  and r e a l ,  s .w  s p a c e s  a r e  a lw ays  w r i t t e n  a f t e r  i n t e g e r s  or r e a l s
f o r  c h a r a c t e r  s t r e a m s .
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Format Operations
There  a r e  t h r e e  fo rm a t  o p e r a t i o n s  i n  S -code  w hich  t a k e  a r e a l  
number and r e t u r n  a s t r i n g  r e p r e s e n t i n g  t h a t  number i n  F o r t r a n  E, F o r  G 
fo rm a t .
e f o r m a t .o p , f f o r m a t .o p  T h is  t a k e s  t h e  r e a l  number and th e  number o f  p l a c e s
b e f o r e  and a f t e r  th e  d ec im al  p o i n t  and r e t u r n s  a  s t r i n g
g fo rm a t Takes t h e  r e a l  number and r e t u r n s  a  s t r i n g
M is c e l la n e o u s  
r e v e r s e . s t a c k ( t )  
e r a s e .o p  ( t )  
f i n i s h . o p  
n o t .o p  
a s s .o p
r e t r a c t ( t , n , m )
Swap th e  to p  two e le m en ts  of t h e  s t a c k  i n d i c a t e d  by  ty p e  t  
remove an e le m en t  from  th e  s t a c k  i n d i c a t e d  by t  
s to p  th e  program  e x e c u t io n
p e r fo rm  a  n o t  on th e  b o o lea n  a t  t h e  to p  o f  t h e  s t a c k
a s s i g n  th e  v a lu e  a t  t h e  to p  of  t h e  s t a c k  to  th e  a d d re s s  
on t h e  main s t a c k  and remove them
r e t r a c t  t h e  main s t a c k  to  n and th e  p o i n t e r  s t a c k  to  m.
I f  t  i s  n o t  v o id  move th e  v a lu e  a t  t h e  o ld  s t a c k  to p  to  
th e  new s t a c k  to p
% 'I. Â
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Appendix IV 
S-c o d e  G e n e ra te d  by  th e  S- a l g o l  Com piler
A summary o f  t h e  S -code  g e n e r a te d  by th e  S - a lg o l  c o m p i le r  f o r  
each  s y n t a c t i c  c o n s t r u c t  i s  g iv e n  h e r e .  I n  t h e  d e s c r i p t i o n  E, i n  t h e  so u rc e  
code r e p r e s e n t s  an e x p r e s s io n  and  E, i n  t h e  code r e p r e s e n t s  t h e  S -code  f o r  
t h a t  e x p r e s s io n .  Sometimes t h e  e x p r e s s io n s  a r e  o f  t y p e  v o i d .  A d e s c r i p t i o n  
of t h e  i n s t r u c t i o n s  th e m s e lv e s  i s  g iv e n  i n  Appendix I I I .
Source S-code
""E
+E
-E
u n a r y . f u n c t i o n ( E )  
w r i t e  E l : E 1 ' , . . . . .E n :E n '
E n o t .o p
E
E neg .o p
E u n a r y . f u n c t i o n .o p
s . o  El E l '  w r i t e . o p ............ ..
. . . E n  En' w r i t e . o p  e r a s e .o p
W ri te  o p e r a t e s  f o r  r e a l s ,  i n t s  , b o o l s  and s t r i n g s .
o u tp u t  E 0 ,E 1 ;E 1 ' . . . .E n :E n '
s i m i l a r l y  f o r  b i n a r y  o u t p u t ,  
r e a d
r e a d (  E )
EO El E l '  w r i t e . o p ......................
. . . . . . .En En ' w r i t e . o p  e r a s e .o p
s . i  r e a d .o p  
E r e a d .o p
s i m i l a r l y  f o r  p e e k ,  rea d .n a m e ,  r e a d s ,  r e a d i ,  r e a d b ,  e o f .
El := E2 El*  E2 a s s . o p
w here  El* i s  an L - v a lu e  w hich  may g e n e r a t e  a  lo a d  a d d r e s s .
E1(E2)*
E l o r  E2 
El and E2 
El < b in a ry .o p >  E2 
(E)
E1(E2|E3)
E1(E2)
E ( E 1 . . . . . . En)
@E o f  T[E1, . . . . E n ]
E(E1 , . . . . . En)
v e c t o r  E l ;  :E1 ' , . .  .En: :E n ' _of E
i f  E l do E2
i f  E l th e n  E2 e l s e  E3
El E2 su b s a d d r  o r  subaadd r  
E l  j u m p t t (1) E2 1:
E l  ju m p f f (1) E2 1 :
El E2 b i n a r y .o p  
E
El E2 E3 s u b s t r . o p  
El E2 s u b s .o p  o r  s u b a .o p  
m s t . l o a d  E E l . . . . En a p p ly .o p
E E l ............... En make .v e c t o r
E E l . . . . . . . En fo rm vec .op
El E l ' . . . En En ' E i l i f f e . o p  
E l  ju m p f(1) E2 1:
E l  ju m p f(1) E2 jump(ra) 1: E3 m:
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r e p e a t  E l w h i l e  E2 
r e p e a t  E l w h i l e  E2 E3 
w h i le  El ^  E2 
f o r  I=E1 t o  E2 by E3 do E4
l e t  I  = E 
l e t  I  := E 
p ro c e d u re  I  ; E 
s t r u c t u r e  I
1; El E2 n o t .o p  ju ra p f ( l )
1: E l E2 jumpf(m) E3 ju m p ( l)  m: 
1: El jumppf(m) E2 ju m p ( l)  m:
E l  E2 E3 1: f o r t e s t  .op(m) E4 
f o r s t e p . o p ( l )  m:
E
E
e n te r  E r e t u r n  
1 1 . i n t
< l i t e r a l >  
< i d e n t i f i e r >
1 1 . l i t e r a l  d e p e n d en t  on ty p e  
l o a d . s t a c k
A l o a d . s t a c k  i n s t r u c t i o n  may be  one o f  l o a d ,  l o c a l ,  g l o b a l ,  p lo a d ,  p l o c a l ,  
p g l o b a l ,  d lo a d ,  d l o c a l  o r  d g l o b a l .
The u n a ry  f u n c t i o n s  a r e  co d e ,  d e c o d e ,  l e n g t h ,  upb, Iwb, f l o a t ,  s i n ,  c o s ,  
ex p .  I n ,  s q r t ,  a t a n ,  t r u n c a t e ,  a b s ,  e f o r m a t ,  g fo rm at  and f f  o r  m a t .
The b i n a r y  o p e r a t i o n s  a r e  e q .o p ,  n e q .o p .  I t . o p ,  l e . o p ,  g t . o p ,  g e .o p ,  
p l u s . o p ,  t i m e s .o p ,  m in u s .o p ,  d i v . o p ,  re m .o p ,  d i v i d e . o p ,  i s . o p ,  i s n t . o p  and 
c o n c a t . o p .
c a s e  EO
E 1 1 ,E 1 2 , .............E ln  ; ElO
E 2 1 ,E 2 2 , .............E2n : E20
EO
E l l  c ju m p ( l l )  E12 c ju m p ( l l )  
jump(Ml) 11 : EO ju m p ( x i t )  
M1;E21 ......................
E ln  c ju m p ( l l )
d e f a u l t  : Ek+1 0 Mk:Ek+l 0 
x i t  :
v . l
Appendix V
The PDF11 S-code Operation Codes
_4 B i t  O p e ra t io n s
b i t  15 1
b i t s  12-14 
b i t s  0-11
t o  i d e n t i f y  th e s e  
o p e r a t i o n  code 
code a d d re s s
The o p e r a t i o n  codes a r e
0 jump 1 a p p ly .o p
2 jumpf 3 f o r . t e s t
4 jum pff 5 n ew lin e
6 ju m p t t 7 f o r . s t e p
N ew line  u s e s  b i t  0-11 f o r  t h e  l i n e  num ber.
A pp ly .op  u s e s  b i t s  0 -4  f o r  t h e  p s t a c k  r e t r a c t i o n  and b i t s  5-11 f o r  t h e  main 
s t a c k  r e t r a c t i o n  v a l u e s .  The p s t a c k  number i s  h a l f  t h e  c o r r e c t  v a lu e .
j6 B i t  O p e ra t io n s
b i t s  14-15 
b i t s  10-13 
b i t s  0-9
01 t o  i d e n t i f y  th e s e  
o p e r a t i o n  codes 
s t a c k  a d d re s s
The o p e r a t io n codes a r e
0 l o c a l 1 l o c a l a d d r
2 p l o c a l 3 p l o c a l a d d r
4 d l o c a l 5 m s t . l o c a l
6 g l o b a l 7 g lo b a l a d d r
8 p g lo b a l 9 p g lo b a la d d r
10 d g lo b a l 11 m s t . g l o b a l
12 m a k e .v e c to r 13 r e t r a c t
14 f o r m . s t r u c t u r e 15 s t o r e . c l o s u r e
R e t r a c t  u s e s  1b i t s  0-9 a s  th e a d d re s s  on t h e  main
a n o th e r  word i n  t h e  same fo rm at i n d i c a t i n g  th e
r e t r a c t  t o  and
and th e  p s t a c k  r e t r a c t i o n  ( b i t s  0-9 ) .  M a k e .v e c to r  i s  t h e  same. 
S t o r e . c l o s u r e  t a k e s  a  second  word g i v in g  th e  p ro c e d u re  a d d r e s s .
V.2
_9 B it  Operations
b i t s  14-15 
b i t s  7-13 
b i t s  0-6
The o p e r a t i o n s  a r e
g e .o p  
l e .  op 
eq .o p  
n o t .o p
00 t o  i d e n t i f y  th e s e  
o p e r a t i o n  codes 
u s u a l l y  t h e  ty p e
N o t.op  does  n o t  r e q u i r e  a  p a ra m e te r
g t .o p  
I t  .op 
n e q .o p
8 p l u s .o p 9 t im e s .o p
10 m inus .op 11 d i v id e .o p
12 d iv .o p 13 rem .op
14 n e g .o p
16 s u b s ,  op 17 su b sad d r
18 cjump 19 a s s  .op
20 r e t u r n 21 fo rw a rd .o p
22 su b a .o p 23 su b a ad d r
Forw ard .op  does  n o t  
t h e  jump a d d r e s s .
r e q u i r e  a  p a ra m e te r  and cjump u s e s  a  second  word f o r
24 1 1 .p o i n t e r
26 l l . s i n t  
28 1 1 . s t r i n g
25 1 1 .boo l  
27 1 1 . r e a l  
29 1 1 . l i n t
These  a r e  t h e  lo a d  l i t e r a l s .  The p o i n t e r  i s  u sed  f o r  t h e  empty s t r i n g  and 
t h e  UNIX n u l l f i l e  h as  o n ly  one p o s s i b l e  v a lu e .  The b o o lea n  has  two v a lu e s  
and th e  s h o r t  i n t e g e r  v a lu e s  betw een  -64  and 63. The lo n g  i n t e g e r  i s  
fo l lo w e d  by a word h o ld in g  t h e  i n t e g e r  and a r e a l  i s  f o l lo w e d  by two w o rd s .  
The s t r i n g  i n s t r u c t i o n  i s  fo l lo w e d  by th e  s t r i n g  in  i t s  heap  f o r m a t .
32 lo a d  
34 p lo a d  
36 d lo ad  
38
33 lo a d a d d r  
35 p lo a d a d d r  
37 m s t . l o a d  
39 e n t e r
E n t e r  u s e s  b i t s  0 -2  and b i t s  10-15 of t h e  second  word as t h e  maximum main 
s t a c k  a d d re s s  and b i t s  0-9 of t h e  second  word f o r  t h e  maximum p s t a c k  
a d d r e s s .
The o t h e r  i n s t r u c t i o n s  u s e  b i t s  0-6 a s  t h e  r e v e r s e  l e x i c o g r a p h i c  l e v e l  and 
a second  word as  t h e  s t a c k  d i s p l a c e m e n t .
V.3
40 f l o a t . o p  41 i s . o p
42 i s n t . o p  43 upb .op
44 Iwb.op 45 f i n i s h . o p
46 r e v e r s e . s t a c k  47 e r a s e .o p
I s . o p ,  i s n t . o p  and f i n i s h . o p  have  no p a ra m e te r .
R e v e r s e . s t a c k  codes b i t s  0-6 a s  0 f o r  main s t a c k ,  1 f o r  p s t a c k .
F l o a t .o p  u se s  b i t s  0-6 t o  i n d i c a t e  w hich  s t a c k  e lem ent 0 - t o p ,  l - 2 n d .  to p
48 r e a d .o p  49 w r i t e . o p
50 i l i f f e . o p
52 a r i t h . f u n c  53 i s . o p
54 b . r e a d  55 b . w r i t e
I l i f f e . o p  u s e s  a  second  word to  i n d i c a t e  t h e  number o f  bound p a i r s .
The c od ings  f o r  r e a d  and b . r e a d  a re
0 r e a d i  b . r e a d i 1 r e a d r  b . r e a d r
2 readb  b . r e a d b 3 r e a d s  b . r e a d s
4 p e e k  b .p e e k 5 re a d  b . r e a d
6 read .nam e  b . r e a d .name
and f o r  w r i t e  and b . w r i t e
0 i n t  
2 boo l
1 r e a l
4 s t r i n g 5 f  form at
6 e fo rm at 7 gf  ormat
The a r i t h m e t i c  f u n c t i o n s  a re coded thus
1 s i n 2 cos
3 exp 4 I n
5 s q r t 6 a ta n
7 t r u n c a t e 8 i n t e g e r  abs
9 r e a l  abs 10 f i d d l e . r
56 code .op 57 deco d e .o p
58 s u b s t r i n g . o p 59 c o n c a t .o p
60 l e n g t h .o p 61 o p t io n s .o p
These  do n o t  have  a p a ra m e te r •
In  g e n e r a l  t h e  ty p e  co d in g s  f o r  t h e  9 b i t  o p e r a t io n s  a r e
0 i n t 1 r e a l
2 boo l 3 f i l e
4 p n t r 5 v o id
6 s t r i n g 7 v e c to r
J
